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FORWARD
This dissertation, divided into 7 chapters, is concerned with
the effects of germline characteristics upon mutation rates in
Homo sapiens, Mus musculus, and Drosophila melanogaster.
Chapter 1 is an introduction to the field of germline mutagenesis
and an explanation of the purpose of this study. Chapter 2 is a
presentation of germline mutation rate data. Chapter 3 examines
the effect of generation time upon these data. Chapter 4 is a
comprehensive description of germline events in all three species,
with careful estimations of the numbers of germcell divisions in
each generation. Chapter 5 presents the mutation data again, yet
measured per germcell division, and examines that effect.
Chapter 6 is a discussion of the results with other relevant data
from the literature. The results are summarized briefly in
Chapter 7.
Portions of the present material have been presented as
posters to the 4th International Congress of Systematic and
Evolutionary Biology, 1990, and to the 23rd Annual Meeting of
the Environmental Mutagen Society, 1992. The contents of this
dissertation wiii be submitted as a review to Mutation Research
for publication. Finally, I have been invited by Dr. James Crow to
present this material at the 1993 summer Gordon Conference.
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ABSTRACT
Germline mutation rates measured per generation per locus
in three species of Metazoa are used to address questions of the
constancy of mutation rates per generation, per year and per
germcell division. Null mutation rates per generation are: 3.6 x
10-6 for human X-linked disease, 8.9 x 10-6 for Specific Locus
Test (SLT) in male mice, 3.2 x 10-6 for SLT in female mice. 8.0 x
10-6 for SLT in male Drosophila melanogaster (D.m.), 1.6 x 10~6
for SLRL test in male D.m. and 2.0 x 10-6 for SLRL test in female
D.m. They were found to be very similar across the species with
some variation between loci and tests.
Using much of the same data and estimates of male
generation time of 30 years for humans, 9 months for mouse, and
18 days for D.m., male mutation rates per year are calculated.
Varying over 3 orders of magnitude, the results do not support a
time-dependent mechanism for mutation rates.
These germlines are described in detail and estimations of
numbers of germcell divisions per generation are made. They are
399 for a 30-year-old human male, 31 for a human female, 62
for a 9-monin-oid mouse maie, 25 for a mouse female, 35-5 for
an 18-day-old D.m. male and 36.5 for a 25-day-old D.m. female.
Comparisons of mutation rates per cell division, along with data
regarding parental origin of human mutations and male-driven
molecular evolution, provide support for an effect of cell division
upon mutation rates, but with additional factors which cause

x
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male mutation rates in humans to be higher, relative to female
rates, than predicted based on cell division alone.
The remarkable agreement among mutation data for these
three species measured per generation supports generationdependent mutation rates. Mechanisms proposed based upon the
present studies of the germlines involve germline events
occurring once per generation, between meiosis and the end of
cleavage, which contribute disproportionately to the total
mutation rate.
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CHAPTER 1

IN TRO D U CTIO N

Mutation is the fundamental source of genetic variation
which, via natural selection and other forces, allows for
evolutionary change.

The term mutation was coined in 1901 by

Hugo DeVries, and refers to heritable change in the genetic
material of a ceil or organism.

The finding by Muller (1927) that

radiation causes mutation in D rosophila followed by similar
results by Stadler (1928) using barley, led to the beginning of the
study of mutagenesis.

With the ability to induce genetic changes,

by radiation and later by chemicals, came an interest in the
biological consequences of mutation, and the nature of both
induced and spontaneous mutation.

A primary goal of the field of

mutagenesis is to understand the process of mutation formation.
The important application of germiine mutagenesis is to estimate
the risk to future generations of humans due to mutagen
exposure.

The spontaneous mutation frequency in the germline

is an essential component in this risk estimation.

The importance

of increasing our understanding of spontaneous mutation in the
human germline has recently been emphasized by Crow (1992).
There are two laboratory species, the mouse Mus musculus
and D rosophila m elanogaster, that are used as models for
germline mutagenesis and there are extensive reports on
genetically caused human diseases.

These three systems offer a

1
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unique opportunity to gain insights into the factors involved in
the spontaneous production of germline mutation and serve as
tests for the generality of hypotheses proposed to explain
patterns of spontaneous mutation and sequence divergence
observed in humans.

This study will be examining the

spontaneous mutation frequencies and some of the biochemical
and biological constraints which determine them using the best
available germline data for these three metazoans.
Rates of spontaneous mutation per generation at various
loci have been obtained in some higher animals.

Mutation rates

have been found to be increased by exposure to certain physical
and chemical agents.

Many of these mutagens have been

characterized with respect to their mechanism of action and the
mutations produced.

Loci influencing mutation rates in various

organisms have been identified.

In D rosophila the various m u s

and mei strains show increased mutation frequency and mutagen
sensitivity (for review, see Boyd et al., 1987).

In humans,

Xeroderma pigmentosa (XP) patients, representing up to 15
complementation groups, have increased sensitivity to ultraviolet
light (Hanawalt and Sarasin, 1986; Cleaver and Karantz 1987;
Thompson et al., 1987; Timme and Moses, 1988).

Functional

complementation of human XP-A factor with extracts from calf
thymus and X en o p u s oocytes indicates some degree of
conservation among vertebrates, and germline activity
(Hoeijmakers et al., 1990).

The existence of loci affecting

mutation frequency in both germ line and soma implies that this
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fundamental rate of change is, itself, a product of the
evolutionary process.
In spite of the wealth of information and sophistication of
research techniques of today, there remain some old unresolved
problems related to genetics and mutagenesis, as Crow has
recently pointed out (1992).

One is the continuing difficulty in

obtaining data on spontaneous mutation rates in humans.

Related

to that is sex differences in spontaneous mutation rates in
humans, and presumably, in some other species.

It is thought

that these differences can be accounted for by the male to female
ratio of numbers of cell divisions in the germlines.

This is part of

another oid biological issue, the nature of the Metazoan germline
and its role in evolution.
One hundred years ago, August Weismann presented his
theory of "the continuity of the germplasm" (1893), whereby
early in the life of some multicellular organisms, a group of cells,
constituting the germline, are segregated from the other cells
which produce the soma.

It is the germcells, exclusively, which

go on to form gametes, and ultimately the zygotes of the next
generation, in contrast to the soma's terminal development.
W hile in plants and some multicellular animals the distinction
between germline and soma is not so distinct, in both insects and
vertebrates the soma-germ cell determination is faithfully
repeated every generation.

It is, therefore, only in the germ cells

that heritable mutations may occur.
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The scarcity of published work on the significant events in
the germline of metazoans is largely the result of separation
between fields of study which are concentrating on other
questions.

For example the fields of development and evolution

have, for a large part of this century, proceeded separately.
Recent progress in developmental genetics, has been focused on
the molecular control of differentiation, via regulation of gene
expression, and over the past two decades, a reunion has been
occurring (Raff and Kaufman, 1983).

The study of sexual

reproduction has been divided between life history strategy
questions and applications for domestic animal husbandry and
human infertility.

Information regarding mutation in higher

animal germlines comes predominantly from germline
mutagenesis studies in Drosophila melanogaster (W oodruff et al.,
1984) and the mouse (Russell and Russell, 1992; L.B. Russell et al.,
1981, W.L. Russell, 1977).

The inducibility in various

developmental and gametogenic stages of mutations by
mutagenic agents is a source of information about germline life
%

histories, which is employed herein.

Most of the information

necessary to describe the germlines of humans and the two
systems used as models for germline mutagenesis, is available
from these fields of study.

Thus meaningful questions about the

significance of germline events upon mutation rates, can be asked
and answered, enlightening this black box of development and
m utagenesis.
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Across and within taxa, the programmed stages of the
germcell line during the life of an organism may differ in many
important ways.

Some of these differences may characterize the

events that lead to mutations, such as length of time between
generations, length of time between cell divisions, numbers of cell
divisions between generations, rapidity of DNA replication,
exposure of germcells to mutagenic hazards, and availability and
efficiency of DNA repair systems.

While in these three species,

humans, mice, and flies, many of the same general steps in
embryonic germline development and gametogenesis are present,
there are major differences in the rates at which they proceed,
particularly in males, from the human male life cycle of 30 years,
to that of a mouse of approximately 9 months, and D rosophila of
only 18 days, under laboratory conditions.
In what ways and to what extent do the developmental and
life history programs of an organism affect the rate of change in
the genetic material?

Aspects of this question have been

addressed in humans by examining the higher mutation rates in
males than in females, first suggested by Haldane when
discussing the mutation rate of the X-linked gene for hemophilia
(1935).

This rate difference may be the result of sex differences

in numbers of germcell division per generation under the
assumption, as proposed by Muller (1954a) and developed by
Vogel and colleagues (Vogel and Rathenberg, 1975; Vogel et al.,
1976; Vogei and Motuisky, 1979), that errors in DNA replication
are responsible for most spontaneous mutations.

Since, according
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to the Neutral Theory of Molecular Evolution, rate of sequence
divergence is equal to the rate of neutral mutation (Kimura,
1983), this has led to the development of the theory of Maledriven M olecular Evolution (Miyata et al., 1987a and b, Miyata et
al., 1990) in which the relative sequence divergence of loci on the
autosomes and sex chromosomes of primates and rodents can be
explained by the ratio of male to female germcell divisions per
generation (see Chapter 6).

Different rates of sequence

divergence in primates and rodents have also suggested that
generation and/or germcell divisions are more uniform units for
mutation than is time (Li et al., 1987).

Without reliable estimates

of numbers of germcell divisions per generation for both groups,
it was not possible to distinguish between the two.

While some

estimates of cell divisions per generation have been made for
humans (Vogel and Rathenberg, 1975; DeMars, 1974), for mice
(Lyon et al., 1979) and for male D rosophila (Tihen, 1946), it has
been with little attention to biological and genetic events in the
germline.

As models for gametogenesis have been revised and

development is better understood for all these species, it is now
possible to more accurately estimate the number of germcell
divisions throughout the life cycle (see chapter 4).
Here the germlines of these three metazoans are described,
for both sexes, based on the extensive literature available, and
the number of germcell divisions per generation are estimated
(Chapter 4).

The relative effects of age and sex on number of

divisions and the relationships of these factors to mutation rates
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are discussed.

The results demonstrate that, while germlines in

diverse species have many common characteristics, the numbers
of germcell divisions per generation and the impact of sex and
age on germcell divisions are species-specific.
It is the objective of this report to determine effects of
time, generation and cell division on the rate of spontaneous
mutation within a locus.

The prediction of spontaneous mutation

frequency dependent on time implies that mutation is a
stochastic process similar to radioactive decay and may be the
result of errors due to post-replicational DNA repair mechanisms
(Filipski, 1988).

Such time dependency has been postulated to

explain the apparent clocklike divergence of protein and DNA
sequences among lineages as support for the Neutral Theory of
Evolution.

However, the Neutral Theory predicts only that the

rate of sequence divergence be equal to the rate of mutation
(Kimura, 1987), with both measured in consistent units, whether
per generation, per year, or per cell division (Britten, 1986).

If

errors in replication are primarily responsible for the mutations
observed, then the number of cell divisions is the principal
determinant of mutation frequency (Filipski, 1988: Britten, 1986).
Natural selection for germline mutation frequencies, like
their empirical measurements, would act per generation, raising a
third possibility, that mutations occur at a constant rate per
generation.

This situation might be expected if there are

examples of a significant portion of spontaneous mutations in
certain germline stages that occur only once per generation.
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Observations of mosaic production are compared to these
predictions

based on the germline characteristics.

As Kimura pointed out (1987 and 1989), experimental
studies should be done to establish the units most constant for
measuring mutation rate as it is important in resolving questions
about rates of molecular evolution.

Examination of these three

models for a consistent measure of mutation, using experimental
data from diverse disciplines may increase the understanding of
rates of sequence divergence among lineages and improve the
applicability of germline mutagenesis data in Drosophila and
mouse to genetic risk estimation in human germlines.
The present work attempts to answer the questions:

Are

mutation rates among species constant per generation, over time,
or per cell division?
mutation rates?

What effect does cell division have upon

In order to answer this we must first know:

How many cell divisions occur per generation?

And then:

If

there is rate constancy per generation, independent of cell
division and time, what is its basis?
Drosophila

melanogaster, mouse and human were the

species chosen for four reasons:
use Drosophila

Germline mutagenesis studies

melanogaster and mouse data to estimate the risk

to future human generations due to mutagen exposure.
Consequently, comparable spontaneous mutation data exist for all
three of these species.

Development and gametogenesis is well

studied in all three so that information is available for detailed
descriptions of the germlines.

Finally, the controversy about
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rates of molecular evolution involves primates and rodents, and
many interesting approaches have been used in this discussion.
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CHAPTER 2

MUTATION RATES PER GENERATION

Spontaneous mutations are determined by detecting a
mutation in an individual that is not present in either parent.
Therefore, the mutation must have occurred in the germline of
one of the parents after differentiation of germcells from soma
and before differentiation of germcells from soma of the proband,
thereby defining the generation interval.

The spontaneous

mutation frequency of the germline is therefore more complex
and quite different from the spontaneous mutation frequency
reported in cellular systems.
At times, there are clusters of mutant individuals all
representing a single mutation event.

It is appropriate to count

all members of a cluster when measuring spontaneous germline
mutation rates over a complete generation, assuming that mutant
and nonmutant cells replicate at the same rate yielding similar
size clusters.

Since all individuals of the nonmutant clusters are

included in the denominator, all mutant individuals of a cluster
must be included in the numerator, although this increases the
standard error (Engels, 1979; Margolin, et al., 1983).

It has also

been argued by Russell (1972) that since clusters occur
commonly, 1 in 3 spontaneous events in the female mouse
Specific Locus Test (since then updated to 1 in 7), that the

10
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inclusion of all mutant individuals in a cluster has a significant
effect on the estimate for mutation rate.
Data for spontaneous germline mutation rates include
rates of mutations from the Specific Locus Test (Schalet, 1960)
and the Sex-Linked Recessive Lethal Test (Abrahamson and
Meyer, 1976; W oodruff et al., 1984) in Drosophila melanogaster,
visible mutants from the Specific Locus Test in mice (Russell and
Russell, 1992; P. Selby, personal communication), and for sexiinked and autosomal dominant genetic diseases in man (CavalliSforza and Bodmer, 1971; UNSCEAR, 1988; Sankaranarayanan,
1991).

2.1 Drosophila Mutation Rates
The best per locus estimate for interspecific comparisons
comes from the Specific Locus Test (SLT).

In a SLT, using Muller's

"Maxy" technique Schalet (1960) studied visible mutation rates at
13 loci in male germlines, on the X-chromosome.

From that test

there were 51 genetically confirmed mutants at 13 loci among
490,118 chromosomes giving a rate of (8.0 + 2.2) x 10-6 per locus.
These include 3 clusters with 2, 3, and 10 members each.
Seventeen of the single mutants were mosaics.

In addition there

were 60 untransmissible, somatic mosaics, so that 75 of 111, 68%
of all newly arising mutants were fractionals.

Schalet (1986)

estimated that the number of undetected somatic mosaics that
would be transmitted in the germline was at ieast 2/3 of the
detected mutations, resulting in at least 78% of all spontaneous
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mutations arising as mosaics, both transmissible and
nontransmissible.

The interpretation of such an overwhelming

proportion of fractional mutations is that most spontaneous
mutations arise or are completed in the early zygote and the
cleavage stages, as originally noted by Muller (1946; 1954a;
Muller et al., 1950).

Mutation rates for the female germline from

the Specific Locus Test of Drosophila are not reliable, since the
visible loci involved are on the X-chromosome.

The rate of

mutation to sex-linked recessive lethals is prohibitively higher
than that to visible mutations at these collective loci, yielding
unreliable data, because of elimination of the hemizygous males
prior to scoring.
P element transposition has been cited as responsible for a
large portion of spontaneous mutation in the P-M hybrid
dysgenesis system of D rosophila (Kidwell et al., 1977; Sved, 1979;
Bregliano et al., 1980).

The "Maxy" stock was developed from

long time laboratory M type stocks, placed in the laboratory
before the widespread presence of P elements.

There are,

however, other older mobile elements which may play a role in
spontaneous
mutation.
-

One example
is copia,
to be
r
r
■ thought
o

responsible for at least two spontaneous mutations which have
been analyzed molecularly (Schalet, 1985; 1986).
Other D rosophila data are available with which to compare
male and female rates.

The Sex Linked Recessive Lethal Test

(SLRL) has been used extensively in the study of Drosophila
germline mutagenesis.

It has many advantages, including being
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very sensitive by representing 600-800 loci (Abrahamson et al.,
1980) on the X chromosome that can mutate to lethal when in
males.

This data should not be used as a specific locus test for

across-species comparisons because the number of loci estimated
were arrived at, in part, using the per locus spontaneous
mutation rates from Schalet’s (1960) visible mutation data.

The

justification for the per locus frequency is therefore somewhat
circular.
Control Sex-Linked Recessive Lethal (SLRL) data is
however plentiful in both male and female germlines, from
chemical mutagenesis studies of the National Toxicology Program.
The genetic criteria, lethais on the X chromosome, are the same
for both sexes, so that comparisons between the two are valid.
Data for the female germline include 174 recessive lethal X
chromosomes out of 124,378 chromosomes scored (Abrahamson
and Meyer, 1976) or 0.14%.

If there are 700 loci involved, the

per locus mutation frequency is (2.0 ± 0.3) x 10'6. The male
mutation data, in Canton S stocks, before selection for lower
mutation frequencies, include 750 lethal X chromosomes out of
686,107 scored chromosomes, including 31 clusters with a range
of 3 to 36 members, or 0.11%.

The per locus mutation rate is,

likewise, (1.6 + 0.12) x 1O'6 (Woodruff et al., 1984). The
difference in mutation rates between males and females, as
determined by the SLRL test, is not significant.
While Schalet’s data are the best D rosophila data, in terms
of genetic construction and testing protocols for a frequency per
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locus, the Maxy stock was found to have SLRL frequencies of
0.37% and 0.14% for males and females, respectively (Schalet,
1960).

For males this is about 3 times higher than is considered

normal and this difference is significant.
There are other data for spontaneous mutation rates in
D rosophila.

Some are, nulls at the A dh locus in males or 4.3 x

1 0 '6 (Aaron 1979), for enzymes 4 x 10'6 (Mukai, 1970), or 1.2 x
10‘5 (Mukai and Cockernam, i977), and lethal mutation rates (for
total genome) 2 x I O'6 per iocus per generation (Crow and
Simmons, 1983).

2.2 Mouse Mutation Rates
Selby (personal communication) compiled Specific Locus
Test estimates for mice from an historical control from 4 different
laboratories using visible markers at 7 loci.

The average

mutation rates per locus for 58 paternally derived mutants, with
1 cluster of 2 and 1 of 6, out of 933,163 offspring were (8.9 + 2.3)
x 10"6 if each member of a cluster is counted (Russell, 1965;
Ehling, 1984; Searle, 1974; Selby, 1973).
There were 12 maternally derived mutants, including a
cluster of 6 out of 536,207 offspring giving a mutation frequency
of (3.2 + 1.9) x 10'6 per locus (Russell and Russell, 1992).

The

mouse male and female mutation rates per generation differ by a
factor of 2.75 which is a significant difference.
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2.3 Human Mutation Rates
Human mutation rates were estimated by Cavalli-Sforza
and Bodmer (1971) by averaging data on X-linked gene
mutations (deleterious and disease) compiled by Stevenson and
Kerr (1967).

This mutation data was based upon studies of X-

linked recessive diseases in the population of Northern Ireland
by the Oxford Regional Hospital Board.

The mutation rate at each

of 49 X-linked traits was calculated using Haldane's formula
(1935) for X-linked recessive genes,
y = (1/3K1 -f)x

(1)

where y is mutation rate per locus per gamete per generation,
required to maintain the allele frequency x at equilibrium when /
is the relative reproductive fitness for males and x is the trait
frequency in a population of males at birth.

The mean mutation

rate per locus is (3.6 + 2.4) x 10'6. While there is some concern
about the bias of loci choice in this study (see below) these Xiinked recessive data constitutes the best available germline
mutation rate data in humans.

Reports to The United Nations

Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR) of 1977, 1982, 1986, and 1988. and to the Committee
on the Biological Effects of Ionizing Radiation (BEIR) of 1972 and
1980 all rely upon these data for humans, quoting a range of 0.5
x 10'6 to 0.5 x 10'5.

This range should be kept in mind when

considering further calculations herein.
In general spontaneous germline mutations in humans
have not been categorized with respect to parental origin.

It has
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been observed, however, at the retinoblastoma
germline Retinoblastoma mutations arise

locus, that

more frequently by at

least an order of magnitude in the male germline than in the
female germline (Zhu et al., 1989, Dryja et al., 1989, Ejima et al.,
1988) and this will be discussed in more
It appears that human mutations

detail later.
occur predominantly in

the male germline, with rates approximately one order of
magnitude higher than in females.

The human mutation data, if

used to represent the male rate, provides comparable data for
males in all three species to use in an interspecies comparisons
(Table 1).

The data were calculated based on the frequency of

the X-iinkea traits in maies at birth, their relative reproductive
fitness and the assumption that mutation rates are equal in males
and females (equation 1).
The value 3.6 x 10'6 is, therefore, the average mutation
rate per locus per gamete equally weighted for both sexes.
assumed that the traits are completely recessive.

It is

In order to

incorporate the difference in mutation rates between males and
females the formula can be expressed:

( Um + 2 u f )/3 = (1 - / )(x/3) = 3.6 x 10*6

(2)

where y m is the male mutation rate and Uf is the female
mutation rate.

If, for example, the male mutation rate is ten

times higher than the female mutation rates,
Um = 10Uf

(3)
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then the male mutation rate can be calculated:
Urn = (1

c/3)(3/1.2) = 9.0 x 10-6

(4)

and
y f = 9 .0 x 1 0 -7

(5)

The agreement among male mutation rates per generation is
more certain and stronger because of this correction (Table 2).
Sankaranarayanan (1991) has recently presented
estimates of mutation rates for 22 autosomal dominant
conditions.

The average of these new estimates is 1.5 x 10"5, 1.2

x 10'5 excluding Neurofibromatosis, which accounts for 60% of
the mutations in the former figure.

Another source of data comes

from the control population of a study of genetic and cytogenetic
effects from Hiroshima and Nagasaki (Satoh et al., 1986).

In

539,170 equivalent locus tests of electrophoretic variants of 30
blood proteins, in 10,609 children, 3 mutations were detected.
The resulting mutation frequency per locus was 5.6 x 10‘6.

2.4 Comparability of Mutation Rate Data
The mutation rates used in this study (other than those
for humans) represent DNA changes resulting in detectable
phenotypic changes at specific loci.

The tests are designed so that

the mutation events detected in individuals occurred within the
germline in the parental generation.

In the cases of the mouse

and D ro so p h ila , the paternal and the maternal mutation rates are
distinguished.

Human mutation rates were calculated as

described above and represent the incidence of certain sex-linked
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and autosomal dominant genetic disorders, segregating as single
loci in individuals, that were not present in either parent, within
a defined population.

Since genetic complementation tests have

not been performed for humans it is likely that several
complementation genes are involved in some human genetic
disorders, thereby giving an elevated estimate for the frequency
per locus for man relative to mice and D rosophila.

The X-linked

data of 3.6 x 10'6 represent recessive alleles, like those of the
SLT’s of the two animal systems, and are less likely to have
multiple loci included in the results, since these disorders involve
only one chromosome, than the autosomal dominant data.
The inherent bias of the loci analyzed was discussed by
Cavalli-Sforza and Bodmer (1971).

Loci which are chosen for the

study of mutation rates are those in which mutation is known to
occur.

In this way the sample is biased, with a skewed

distribution of mutation rates per locus, and the average
mutation frequency of the sample loci is necessarily higher than
the mutation frequency of most loci.

Since this is also true for

loci used in D rosophila and Mouse Specific Locus Tests, data from
the loci used in these three tests are considered the most
comparable across species of all the available mutation data
(Schalet, 1986).
The measured rates per locus per gamete per generation,
including clusters, are presented in Tables 1 and 2 and compared
in Figures I and 2.

They range within one order of magnitude;

3.6 x 10*^ for X-linked diseases in humans (9.0 x 10*6 in males
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and 9.0 x 10'7 in females, if mutation rates are 10 times higher in
males than in females), 8.9 x 10'6 in male mice SLT, 3.2 x 10_6in
female mice SLT, 8.0 x 10'6 in Drosophila melanogaster males SLT,
1.6 x 10'6 in Drosophila melanogaster male SLRL and 2.0 x 10~6 in
Drosophila melanogaster females SLRL.

It is remarkable that

differences between strains, tests and gender within species are
as large as differences among species.
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Table 1: Mu tation Rates for Three Species

Human

Mo use

X-linked
recessive

male

M utation rate
per generation

3.6 z 10-6

8.9 z 10-6

M utation rate
per year

1.2 z 10-7

1.2 z 10-3

M utation rate
per cell division

9.0 z 10-9

1.4

Z

10-7

Drosophila
female

3.2 z 10-6

5.9 z 10-6

1.3 z 10-7

male
SLT

8.0

Z

10-6

1.6 z 10-4

2.2 z 10-7

male
SLRL

1.6 z 10-6

female
SLRL

2.0 z 10-6

3.3 z 10-5 2.9 z 10-5

4.5 z 10-8

5.5 z 10-8

to

o

Mutation

per

gener at i on

21

Human

Figure 1.

Mouse

Drosophila

Male Mutation Rates per
Generation
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Table 2: Mutation Rates for Three Species with
Human Mutation Rates Partitioned between
Males and Females

Human

Drosophila

Mouse

male

f e m a le

Mutation rate
per generation

9.0 z 10-6

9.0 x 10-7

8.9 x 10-6

3.2 x 10-6

M utation rate
per year

3.0 x 10-7

3.6 x 10-8

1.2 x 10-3

5.9 i 10-6

Mutation rate
per cell division

2.3 X 10-11

2.9 x 10-8

1.4 x 10-7

1.3 x 10-7

m ale

fem ale

m ale
SLT

male
SLRL

fem ale
SLRL

8.0 x 10-6

1.6 x 10-6

2.0 x 10-6

1.6 x 10-4

3.3 X 10-5

2.9 x 10-5

4.5 x 10-8

5.5 x 10-8

2.2 x 10-7

Mutation

per

G e n e ra tio n

23

female male
Human

Figure 2.

female male
Mouse

male
Drosophila

Mutation Rates per Generation
with Human Rates Partitioned
between Males and Females
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CHAPTER 3

M UTATION RATES PER UNIT TIM E

The proposed dependency of mutation upon time has
placed mutation rates at the heart of an ongoing Neutralist vs.
Selectionist controversy concerned with the constancy of rates of
molecular evolution.

This relationship has often been used to

equate evidence for/against a Molecular Evolutionary Clock, for a
given sequence as support for/against the Neutral Theory of
Evolution.

According to the Neutral Theory (Kimura, 1983) most

molecular changes in evolution have no selective value, hence are
neutral.

It goes further to postulate that the accumulation of

base substitutions and the evolution of DNA sequences and
proteins, insofar as they are selectively neutral, is dependent
only on the rate at which mutations arise.

Because of the

observed clockiike behavior of certain proteins and the
apparently linear behavior of DNA hybridization relative to time
of divergence, the Neutral Theory was used to explain the
emerging theory of the Molecular Clock.

The two theories have

since revolved around each other as though they were
interdependent, one being a test of the other.

This

interconnectedness was based on one premise; that mutations,
whatever their effect, arise in a time dependent manner.

This

assumption, however, is not supported by data on spontaneous
null mutation rates.

24
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3.1 Calculation of Mutation Rates Per Unit Time
Mutation rates per unit time can be calculated from the
mutation rates per generation.

The critical factOT in such a

calculation is the estimated generation length.

Generation length

may be highly variable within a species over historical and
evolutionary time, between populations, and between individuals
within populations and even within families due to successive
births.

Generation time can be estimated or calculated as a mean

of the average age of either male or female parents at
reproduction.

It is also apparent that mutation rates may vary

according to the age of one or both parents (Crow, 1992).
Therefore, for consistency with the mutation data, an estimated
average age at reproduction in the tests for spontaneous mutation
is used for generation time (Table 3).

3.2 Drosophila melanogaster Mutation Rates Per Unit Time
In Schalet's SLT the time from deposition of the parental
egg to fertilization of their offspring has been estimated from
descriptions of the experimental procedures to be about 18 days
(0.049 year) for males and about 25 days (0.068 year) for
females (Schalet, 1960).

The mutation rates per unit time of the

male Specific Locus Test is (8.0 x 10'6)/0.049 = 1.6 x 10*4.

3.3 Mouse Mutation Rates Per Unit Time
An estimate for the male of 8 to 10 months was made by L.
B. and W. L. Russell (personal communication), although the
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calculations are not complete for the large historical control
accumulated.

An estimate of the mean age of 9 months is used

here, with a more accurate number to be later arrived at by
computer analysis at Oak Ridge National Laboratory.

The female

age was estimated at 6 to 7 months, averaging 6.5 months (P.
Selby, personal communication).

The calculated mutation rates

per year in mice are (8.9 x 10'6)/0.75 = 1.2 x 10'5 for males and
(3.2 x 10-6)/0.54 = 5.9 x 10'6 for females.

The mutation rates

here demonstrate that the mutation rates per year in males are
twice as high as those, at the same loci, as in females.

3.4 Human Mutations Per Unit Time
Since the mutation data for humans are not separated by
sex of the parent in which the mutation occurred, and since it is
expected that the vast majority of spontaneous mutations occur
in the paternal germline (Haldane, 1935), the generation length is
an estimate of paternal age in the general population.

The

present mutation data come from populations in the United
Kingdom and paternal age for those populations is estimated at
30 years (UNSCEAR, 1988).

It should be noted, however, that this

would be considered unusually long for females, for third world
and developing countries, and over evolutionary time, in which
cases estimates should be closer to 20 years.

For human female

the present work will use an estimate of 25 years.

Human

mutation rates at X-linked loci per year are calculated as (3.6 x
10*6)/30 = 1.2 x 10-7.

If mutation rates are partitioned between
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the sexes in humans, mutation rates per year are (9.0 x 10_6)/30
= 3.0 x 10"7 for males and (9.0 x 10'7)/25 = 3.6 x 10'8) for
fem ales.

3.5 Variability of Mutation Rates Per Unit Time
Using these average generation intervals

(Table 3), rates

per locus per year have been calculated (Tables

1 and 2). It is

seen that they are much more variable than rates per generation;
from 1.2 x 10'7 (X-linked recessive) in man, 1.2 x 10’5 in male
mouse and 5.9 x 10'6 in female mouse, to 1.6 x 10'4 in male
D rosophila.

This is a span of three orders of magnitude, variation

well in excess of that between tests or loci (Figure 3).

If mutation

rates are partitioned between the sexes for humans and female
rates (Table 2), the range is from 3.6 x 10"8 to 1.6 x 10~4, nearly 4
orders of magnitude (Figure 4).

This large difference when

spontaneous germline mutations are computed as a rate per unit
time is strong evidence that germline mutation rates are not
dependent on tim e between generations.
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Table 3: Germcell Division and Generation
Time Estimates

Human

Mouse

Drosophila

male

female

male

female

male

female

30

25

0.75

0.54

0.049

0.068

germ cell division
per generation

399

31

62

25

35.5

36.5

germcell division
per year

13.3

1.24

83

46

724

537

average
generation in
years

bO
00

Mutation

per

Y ear

29

Human

Figure 3.

Mouse

Drosophila

Male Mutation Rates per Year
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Mutation

per

Year

10' 3 i

10’ 4 r

10- 5,

:

:

L

female male
Human

Figure 4.

l l l l
female male
Mouse

male
Drosophila

Mutation Rates per Year with
Human Rates Partitioned
between Males and Females
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CHAPTER 4

T H E GERM LINE

The possible effect on mutation rates of numbers of
germline cell divisions was first proposed by Haldane (1935) and
has remained a topic of discussion for many years (Muller, 1954a;
Vogel and Rathenberg, 1975; Vogel and Motulsky, 1979).

Sex

differences in numbers of germcell divisions have led to the
introduction of the theory of Male-Driven Molecular Evolution,
which seems to be supported by study of the sequence
divergence of loci on the two sex chromosomes compared to the
autosomes (Miyata et al., 1987a and b; Miyata et al., 1990).
Furthermore, paternal aging effects on mutation rates have been
documented (Penrose, 1955; Erickson and Cohen, 1974; Freidman,
1981).

Previous estimates of the number of cell divisions per

generation in humans (Vogel and Rathenburg 1975; DeMars
1974), mice (Lyon et al., 1979) and male D rosophila (Tihen 1946)
are available.
In order to estimate the number of germcell divisions per
generation, detailed descriptions of the germline for the three
species are necessary which will account for the biological
differences of each species and consider events common to
germlines in general.

Unfortunately, however, such descriptions,

making use of the information now available on these three
m ost-studied metazoans, have not been undertaken.

Presented

•2 1A
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in the following pages are details following the germlines of
D rosophila melanogaster, M us musculus, and Homo sapiens
through a complete generation in both sexes.

This presentation is

based upon data from the scientific literature, based upon both
classical and modem, molecular techniques, in the fields of
embryology, cell lineage analysis, mosaic studies, stem cell
renewal strategies, gametogenesis, and developmental genetics.
Most of the experiments from which these data are taken used
the species of interest, so that very little extrapolation between
species is necessary.
The development of D rosophila eggs and larvae can be
directly observed without disruptive manipulations.

In both

sexes, the divisions of stem cells continue to renew the
populations of gametogenic cells throughout the reproductive
lifetime.

Detailed reviews and descriptions of germline events in

D rosophila

melanogaster, such as those on early embryogenesis

by Sonnenbiick (1950), spermatogenesis by Hannah-Alava (1965)
and Lindsley and Tokuyasu (1980), and oogenesis by Wieschaus
(1978) and King (1975), allow confident estimation of number of
germcell divisions.

A presentation of cell lineages, including the

germ line is given by Technau (1987).

Schematic representations

of major events in the female and male germlines of D ro so p h ila
and the germcell divisions occurring in one generation are given
in Figures 5 and 6, respectively.
The mammalian germline has been well characterized
(McCarrey, 1992; Miestrich and van Beek, 1992; Byskov, 1982).
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All stages of development and spermatogenesis have been
described in rodents, primarily the mouse and rat.

Most of the

data relevant to the numbers of cell divisions in the early human
germline are taken from specimens in the Carnegie Institute.

The

germline cell divisions of mammalian females all take place in
u tero , and are schematically represented in Figures 7 (mouse)
and 9 (human).

Comparative reviews by Hannah-Alava (1965),

Clermont (1972) and recently by Meistrich and van Beek (1992)
provide excellent descriptions of spermatogenesis for both
rodents and primates.

The stem cells of the male germline

continue to undergo divisions and spermatogenesis throughout
the reproductive iife of the adult.

Figures 8 and 10 present

schemes of the major events and cell divisions occurring in the
male germlines of mice and humans, respectively.
For the purpose of extending this discussion of mutation
rates and the effect of cell divisions and gender, the data
avaiiabie on germline events are here reviewed for D ro sophila,
mouse, and humans and the numbers of germcell divisions per
generation estimated for both the male and female germlines of
each (Table 3).

4.1 Drosophila melanogaster Fem ale
The female germline events of D rosophila m elanogaster
are represented in Figure 5.

Before the first cleavage division the

sperm and egg pronuclei remain separate in the fertilized egg.
During this time DNA replication occurs in the two pronuclei,
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being the only haploid DNA replication during the life cycle (C.S.
Aaron, personal communication).

After DNA synthesis, the zygote

nucleus becomes diploid and the first nuclear division occurs only
15 minutes after sperm entry.

Thus begins a series of rapid,

synchronous nuclear divisions forming a syncitium of nuclei
(Painter, 1940; Rabinowitz, 1941; Turner and Mahowald, 1976).
These first several divisions, taking as little as 8 minutes each
(Campos-Ortega and Hartenstein, 1985), represent the stage most
vulnerable to spontaneous mutation.

Indeed, up to 80% of

spontaneous mutations occur during this time (Schalet, 1960;
1986).
After the eighth synchronous nuciear division, about 1
and 1/2 hours after fertilization (Ede and Counce, 1956), 2 to 4
nuclei migrate from the preblastoderm soma and into the polar
cytoplasm (Foe and Alberts, 1983).

Analysis of mosaics shows

these nuclei are not random samples of cleavage nuclei, but
correlate cioseiy with nuclei that will form the abdominal
segments (Lee et al., 1970).

After two more mitoses, between 8

and 16 protuberances form at the posterior tip.

These pinch off

to form pole cells (Turner and Mahowald, 1976) becoming the
first cells in the embryo.

During the next 70 minutes, they

undergo 2 mitotic divisions (Foe and Alberts, 1983) to form a
polar cap on the posterior surface of the cellular blastoderm by
the time of gastrulation.

Counts by Turner and Mahowald (1976)

on scanning electron microscope preparations of embryos at
initiation of gastrulation revealed about 40 pole cells with a range
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Figure 5: Drosophila Female Germceli D iv isio n s
Oogenesis requires 79 hrs. The stem cell division resulting
in a mature oocyte at 25 days occurred at 21.7 days. If the
1st stem cell division occurred around 8 1/2 days then there
"will have been (21.7-8.5)(24 days/18to24 hours)= 13 to 18
stem cell divisions.
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of 23-52.

Each of these cells will have experienced 12 mitotic

divisions at this stage.

Some of these cells are lost by migration

into the central yolk mass prior to the onset of gastrulation
(Sonnenblick 1950; Ede and Counce, 1956).
The pole cells that remain migrate during gastrulation,
dorsally and anteriorly from the polar cap along the surface of
the embryo.

In preparations of 4- to 6-hour-old embryos they

are observed loosely assembled in the posterior midgut rudiment.
At the 6th hour, they pass through the wall of the gut rudiment
into the body cavity.

This is completed in 7- to 8-hour embryos.

As early as the 10th hour of development, the primitive gonads
are formed and in position, 4 segments from the posterior end.
The 31-40 pole cells which move anteriorly via the posterior
midgut invagination, through the gut wall, arrive in the two
primordial gonads by 13 hours after fertilization, without
dividing (Sonnenblick, 1950).

Some cells are lost along the way.

Counts of primordial germ ceils, as they can now be called, reveal
a bimodal distribution with 5 to 7 cells per primordium in female
embryos and 9 to 13 in males (Bodenstein, 1950).

Analysis of

mosaics produced by mitotic recombination confirm that about 5
primordial germ cells contribute to the early ovary (Wieschaus
and Szabad, 1979).
The dynamics of the female germline and the number of
germcells present have been derived from mosaic studies of
mitotic recombination.

Recombinants were produced by

irradiating embryos heterozygous for the X-linked maternal
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effect mutations K 10, which alters the shape of the egg, and
m aroonlike (m al), an eye color mutation (Wieschaus, 1978;
Wieschaus and Szabad, 1979).

The number of cells present at the

time of irradiation can be calculated

from data on recombinant

clone size.

it was shown that only

Accounting for cell death,

about 10 of the 40 pole cells at gastrulation contribute to the
female germline, 5 per ovary.

Irradiation at subsequent stages

up to adulthood reveai that the number of germcells increases
exponentially with a population doubling time of about 48 "hours
until shortly after the onset of pupation.

At that time the

number of cells becomes constant at about 105 cells per female
or about 50 per ovary with the onset of asymmetrical stem ceii
divisions and oogenesis.

Four cell divisions are necessary for 10

cells to produce 105 stem cells between gastrulation and
pupation.

Adding to the pregastrulation divisions, there have

been at this point,

16 cell divisions.

Oogenesis has been reviewed by King (1970) and by
Mahowald and Kambysellis (1980).

Differentiation of the

Drosophila ovary occurs in the early pupal period, coinciding with
the transition from proliferative gonial divisions to stem cell-type
divisions (King, 1975; Weischaus, 1978).

The first signs of

differentiation of oocytes and nurse cells are observed 36 hours
after the onset of pupation (King, 1970).
tube-like structures called ovarioles.

The ovary is made up of

At the apical end of each

ovariole is a germarium which contains the stem cell populations
for both the germline and somatic components of the follicle and
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where all germcell mitotic divisions will take place.

After each

germline stem cell division, 1 daughter cell becomes a new stem
cell, while the other divides 4 more times to produce an
interconnected cluster of 15 nurse cells and one oocyte.

This cell

cluster, surrounded by follicle cells, leaves the germarium, enters
the vitellarium and undergoes growth and vitellogenesis as it
moves down the length of the ovariole.

The vitellarium of each

ovariole contains 6 or 7 cysts arranged according to their degree
of development in an apical-basal order, with new oocyte cysts
formed continually at the apical end as mature eggs leave the
ovariole basally.
Histological preparations show about 17 ovarioles per
ovary each with its own germarium and stem cells.

Dividing the

total number of stem cells, 105, by the total number of ovarioles,
34, Wieschaus (1978) concluded that there are 2 to 3 stem cells
per ovariole.

The presence of cysts of different genotypes within

an ovariole supports this conclusion.

A high frequency of

neighboring cysts with the same genotype, within a
heterogeneous ovariole, indicates that different stem cells have
bursts of activity and quiescence and don't alternate regularly at
each division.
Since 2.0 to 2.3 eggs are produced per ovariole each day
(David and Merle, 1968), on the average, each stem cell division,
represented by the production of one mature egg, should take 18
to 24 hours.

If the total duration of oogenesis is about 79 hours

(David and Merle, 1968), then the stem cell division resulting in
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an oocyte fertilized at 25 days (as in the Sex Linked Recessive
Lethal Test) occurred at 21.7 days (since the zygote stage) or
about 10 days after emergence.

The first stem cell divisions after

the onset of pupation occurred at about 8 1/2 days, and 13 to 18
stem cell divisions should have occurred in this 13 day period.
Adding 12 pregastrulation divisions, 4 proliferative divisions
upto the beginning of pupation and 5 oogenic plus meiotic
divisions to this yields 34 to 39 divisions per generation, with a
mean of 36.5 divisions per generation (Figure 5).

4.2 Drosophila melanogaster M ale
The em'bryogenesis of males is the same as described
above for females.

This and the following male germline events

are shown in Figure 6.

The first sign of sexual differentiation

occurs at 13 hours with the greater number of primordial germ
cells in the male than in the female gonad, after 12 mitotic
divisions.

Beginning at 16 hours the 9 to 13 primordial germ

cells (PGCs) in the male gonad divide once or twice more before
hatching.(Sonnenblick,

1941).

At this time, 36 to 38 (Sonnenblick, 1941) PGCs, which
have all by now experienced 14 cell divisions, are present in each
male gonad.

These germ cells may be stem cells.

However, since

as early as 24 hours after hatching spermatocyte cysts may be
present, and since each adult testis has only 5 to 8 stem cells, the
last two pre-hatching divisions may be the initiation of
sp erm ato g en esis.
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Spermatogenesis requires 10 days. The stem cell division
resulting in mature sperm at 18 days occurred at about 8
days or 192 hours, so that there will have been about
(19 2 -2 4 )/l 0=17 stem cell divisions.
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In the testis of the newly hatched male larvae, only
spermatogonia are found (Kerkis, 1933; Sonnenblick, 1941, Gloor,
1943).

Spermatocyte cysts are seen by 24 to 28 hours after

hatching (Garcia-Bellido, 1964; Kerkis, 1933; Gloor, 1943; Geigy
and Aboim, 1944).

The number of spermatocytes increases,

reaching a maximum of approximately 100 cysts at the time of
pupation and then falls sharply to about 30 cyst per testis just
after eciosion (Garcia-Bellido, 1964).

The first meiotic divisions in

males begin around the time of pupation.

The testis of the early

pupa has all the stages of spermatogenesis, and sperm are
already present at 24 to 30 hours after the onset of pupation
(Huettner, 1930; Kerkis, 1933; Gleichauf, 1936; Gloor, 1943).
Unlike most of the larval organs which undergo histolysis,
destruction or considerable modification as the adult fly is
formed, the gonads continue their growth and differentiation
without interruption (Robertson, 1936).

The testes are fully

formed with transforming and mature spermatozoa at the time of
eciosion, although spermatogonia and spermatocytes still remain.
These cells continue their normal course of successive divisions
and differentiation even after they reach senile infertility, more
than 32 days after eciosion (Duncan, 1930).
Cooper (1950), Hannah-Alava (1965) and Lind sley and
Tokuyasu (1980) have reviewed the literature on
renewal and spermatogenesis in Drosophila

stem cell

melanogaster. As

Hannah-Alava explains, variation among experimental data cause
chronometry in D .m . spermatogenesis to be a rough estimate.
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Briefly, however, each stem cell undergoes 1 division every 10
hours to produce 1 stem cell and 1 primary spermatogonium.
The quasi dichotomous nature of this division is supported by the
work of Kale and Baum (1983) on induction of mutations in
embryonic spermatogonial stem cells as measured by the SexLinked Recessive Lethal test.

This primary spermatogonial cell

divides to produce 2 secondary spermatogonia.

There are 2 more

secondary spermatogonial divisions producing 8 secondary
spermatogonia.

These then divide to form 16 primary

spermatocytes (Pontecorvo, 1944; Lindsley and Tokuyasu, 1980).
These undergo 2 meiotic divisions, but only 1 round of replication
to form first secondary spermatocytes and then spermatids.
spermatid will mature into a spermatozoa.

Each

There are enumerated

here 5 spermatogenic replicative divisions.
The stem cells divide about every 10 hours from hatching
(24 hours after egg laying) to eciosion at 240 hour or more and
continue to divide in the adult, although degeneration of stem
cells occurs throughout this stage.

The entire cycle from stem cell

division to mature spermatogonia takes about 10 days (Chandley
and Bateman, 1962; Lindsley and Tokuyasu, 1980) based on
incorporation of tritiated thymidine.

If generation time is

estimated at 18 days, the stem cell division resulting in fertilizing
sperm at 18 days occurs during pupation, at about 8 days.
The number of cell divisions from fertilization to
fertilization is then the sum: 13 to 14 before hatching + 17 (19224 hours/10 hours) renewing stem cell divisions + 5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

43

spermatogenic replicative divisions.

That is about 35 to 36

divisions per generation (Figure 6 ).
Tihen (1946) also made an estimate of D rosophila germ
cell divisions.

His estimate of 122 divisions was based on

100.000 to 210,000 sperm produced per testis during the lifetime

of a D rosophila male.

These numbers were taken from the higher

portion of Duncan’s 7,400 to 14,000 offspring per male (1930)
and 20-30 sperm per fertilized egg (Kaufmann and Demerec,
1942).

Much has been learned about development,

spermatogenesis, and testicular morphology and it is now
apparent that the number is considerably smaller than this.
Closer examination of Kaufmann and Demerec's data indicate that
the number of sperm required to fertilize an egg may be 10-15
(1942).

Other data (Lee, unpublished) suggest an even lower

number, less than 10.

Hannah-Alava and Puro (1964) put the

number of offspring at 4,000 to 10,000 per male.

Based on these

estimates, predictions of between 10,000 and 75,000 sperm per
testis (20,000 to 150,000 per male) offer better agreement with
the present model for spermatogenesis.

With 5-8 stem cells per

testis, each undergoing a stem cell division every 10 hours, by 20
to 30 days after eciosion, one male will have produced 30,000 to
74.000

sperm atozoans.

4.3 M ouse
The events and ceil divisions are presented in Figures 7
and 8 for female and male mouse germlines, respectively.
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The events of early cleavage through implantation in the
mouse have been described (Slack, 1983; Eddy and Hahnel, 1983;
McLaren, 1976).

Similar to D rosophila, the male and female

pronuclei of the mouse zygote undergo DNA synthesis during
their migration towards one another before entering the first
mitotic division as diploid cells (C.S. Aaron, personal
communication; Sirlin and Edwards, 1959; Mintz, 1964; Luthardt
and Donahue, 1973; Abramczuk and Sawicki, 1975).

The first 3

divisions produce an 8 cell embryo at about 2 days post coitum
(p .c .).

These cells form a morula by undergoing compaction and

becoming polarized.

The fourth division produces 16 cells of two

types, polarized, with outer and inner surfaces, and nonpolarized,
with only inner surface.

During the following 32 cell stage at

about 3 days p.c. the blastocyst forms with the outer polar cells
becoming the trophoectoderm and the inner nonpolar cells
forming the inner cell mass (ICM).

At 3 1/2 days with 55 cells in

the blastocyst, about a quarter of the cells, 16, are found in the
ICM with the rest comprising the trophoectoderm (McLaren,
1976).

During this time, 3 1/2 to 4 1/2 d p .c. both the

trophoectoderm and the TCM diversify as distinct lineages (Dyce
et al.j 1987). At 4 1/2 days p.c. there were 45-49 cells (Handyside
and Hunter, 1986) in the ICM.

About 22 of these cells give rise to

the epiblast (McLaren, 1976; Falconer and Avery, 1978; Gardner
and Rossant, 1979), from which the entire embryo, including the
germ line (Gardner et a'l., 1985), is derived while the remainder,
on the blastocoelic surface of the ICM, become the primitive
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endoderm, involved in formation of extraembryonic membranes
(McMahon et al., 1981 and 1983; Gardner and Rossant, 1979).
One to two divisions will have occurred during this 24 hour
period.

For comparative studies on mammalian blastocysts see

Mohr and Trounson (1982) and Davies and Hesseldahl (1971).
The embryo implants at 5 days p c.

At this time the ICM

contains at least 2 primitive ectoderm cells that are capable of
giving rise to both germ and somatic cells (Gardner et al., 1985).
At 5 1/2 days p.c. there are 95-115 cells in the epiblast (Snow,
1976).

Two to three divisions will have occurred during this 24

hour period.

It seems reasonable, since divisions, although not

synchronous, require about 12 hours, that 4 divisions have
occurred from 3 1/2 to 5 1/2 days p.c. and 10 divisions will have
occurred since conception.
For some time after the embryonic origin of the germ line
was established, authors believed that the germ line was derived
from a small pool of precursor cells in the early mouse embryo.
However, patterns of X-inactivation in female embryos indicate
that segregation of the mouse germ cell line occurs after Xinactivation.

Studies with 12 1/2 day embryos suggest that X-

inactivation, based on patterns of expression of the X-linked
isozymes of phosphoglycerate kinase (P g k-Ia and P g k-Ib) begins
in the epiblast when it contains about 47 cells ( McMahon et al.,
1983), which would be at 4 1/2 to 5 days p.c.

Earlier studies

using coat color mosaics indicated that there were about 21 ceiis
(Falconer and Avery, 1978).

The time of X-inactivation was put
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at 5 1/2 days p.c. by Gardner et al. (1985) based on coat color
mosaics at the X-linked albino locus, which was produced by
insertion of a segment of the 7th chromosome (L.B. Russell,
personal communication).

X-inactivation is complete by 6 to 6 1/2

days p.c. at the onset of gastrulation (Monk and Harper, 1979).
McMahon et al. (1983) have estimated, conservatively, that
precursor pools giving rise to the germ line, as well as the germ
layers, contain an average of 193 cells each.

Snow and Monk

(1983) have proposed that the embryo must have contained
1000 - 1500 cells at this time of tissue commitment.

This

number is reached after about 4 more cellular divisions between
5 1/2 days p.c. and about day 7 p .c .. totaling 14 divisions since
fertilization at germline determination.

Techniques in cell lineage

analysis that have been used in elucidation of embryonic germ
line history are discussed by Rossant (1987).
Studies of DNA methylation in mouse embryos suggest
that the germline is set aside prior to extensive methylation of
the genome which begins in the 6 1/2 day p.c. embryo (Monk et
al., 1987).

Experiments using pieces from the caudal end of the

primitive streak at the base of the allantois of 7 and 7 1/2 day p .c .
egg cylinder stage embryos have localized tissue from which
alkaline phosphatase-staining primordial germ cells (PGCs) arise
(Snow, 1981).

From these studies we can estimate the time of

germline determination to be between 6 and 7 days p .c .. An
excellent presentation of the observations suggesting that the
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germ line arises from the caudal primitive streak (of ectodermal
origin) is given by Copp et al. (1986).
At 8 1/2 days p.c. primordial germ cells (PGCs) can first be
identified in the embryo by their alkaline phosphatase activity
(Chiquoine, 1954).

At this time 147 + 17 PGCs can be seen in the

developing hindgut (Tam and Snow, 1981).

While it has been

suggested that not all of the cells originally in the germline
precursor pool are distinguishable by alkaline phosphatase
staining (Clark and Eddy, 1975; Eddy et al., 1981; Snow and
Monk, 1983), there is no positive evidence that these cells have
divided again before day 8 1/2 (see also Snow, 1981).

Counts of

germ cells about 1 1/2 days after microsurgical grafting of
primitive streak cells into 8 day embryos found between 180 and
275 PGCs (Copp et al., 1986).
For the next 5 days, between 8 1/2 and 13 1/2 days p .c .
there is migration and a fairly uniform doubling time of 16 hours.
For an ultrastructural description of germ cells of the mouse in 9,
10 , 11 , and 12 day old embryos, the reader is directed to the light

and electron microscopic studies of Zamboni and Merchant
(1973).

They find that at 9 days the germ cells are exclusively in

the wall of the hind gut, at 10 days and 11 days they are in the
mesentery with a few in the genital ridges and at 12 days most
are in the genital ridges or adjacent areas.

After 8 more germline

divisions, at 13 1/2 days p c , there are 25,791 + 2276 primordial
germ ceiis in the genital ridges, with colonization complete (Tam
and Snow, 1981) and sexual differentiation begun.

Counts made
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by Mintz and Russell (1957) and Chiquoine (1954) are consistent
with those of Tam and Snow and with Beaumont and Mandl's
20,000 male germ cells and 11,500 female germ cells at 14.5
days p.c. in the rat (1962 and 1963).

Each germcell will, at that

time, have experienced about 22 divisions since fertilization, 14
before germline determination and 8 during the migration stage.
Having entered the gonadal ridge PGCs are transformed
into gonia.

This is accompanied by a decrease in alkaline

phosphatase activity (Mintz, 1959).

A description of the kinetics

of gametogenesis in fetal and young rats provides a scheme in
which to examine the steps leading from migration to the gonads
and up to the beginning of spermatogenesis (Hilscher et al., 1974;
reviewed by McCarrey and Abbott, 1979).

Comparative studies

indicate that events in the mouse are generally 2 days ahead of
those in the rat (Nebel et al., 1961).

After colonization,

proliferation of primordial germ cells (PGCs) occurs, producing,
after approximately 2 divisions, M-prospermatogonia
(terminology by Hilscher et al., 1974) which then divide, giving
rise to Ti-prospermatogonia.

These enter a mitotic interphase

lasting from day 17 or 18 p.c. until day 4 or 5 post partum (j>.p.)>
about 10 days, in the rat (Hilscher et al., 1974).

Studies done

with tritiated thymidine injections indicate that the last DNA
replication in fetal male germ cells (M-prospermatogonia) occurs
on day 14 p.c. in the mouse (Peters, 1970).

By day 15 they lie in

the center of the sex cords of the developing testes.

These divide

to produce Ti-prosperm atogonia and some degeneration occurs.
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Figure 8: Mouse Male Germceil D ivisions
Spermatogenesis begins at 6 days. The stem cell division
resulting in mature sperm at 274 days (9months) occurred
in the cycle ending 43 days earlier. Stem cell divisions occur
every 8.6 days so that (274-43-6)78.6=26 stem cell divisions.
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By 15 1/2 days p .c ., after about 3 prespermatogenic divisions in
the gonad, most Tj-prosperm atogonia have entered mitotic arrest
in the G] stage of the cell cycle and don't divide again until a few
days after birth (Monk and McLaren, 1981).

At 20 days p.c.

140.000 T]-prospermatogonia are present in the rat after 3
gonadal divisions (Beaumont and Mandl, 1962 and 1963).

The

total number of divisions before birth, therefore comes to about
25 in the male mouse.
Because all germ cell divisions in the female will have
occurred before birth, the estimate for that number can be made
here.

Oogenesis begins in the 13-day p.c. mouse embryo and by

the 16th day oniy 2 % of the germ cells can still be identified as
oogonia, the rest having entered prophase of meiosis (Peters,
1970).

The maximum number of female germ cells in the rat,

75.000 occurs at 18 1/2 days p.c. (Beaumont and Mandl, 1962).
This number may be reached by 2 divisions after colonization.
Adding this plus 1 meiotic division to 22 gives 25 total divisions
per generation (Figure 7).

Estimations by Lyon et al., (1979) of

20 to 26 cell divisions are in excellent agreement with these

predictions.
Soon after birth the gonocytes of the male migrate from
their central position to the periphery of the seminiferous cord.
After making contact with the basement membrane, they resume
mitosis (Franchi and Mandl, 1964; Peters, 1970).

At 3 days p o st

p a riu m (p.p.) about 10 % of the gonocytes positioned on the
basement membrane are in mitosis.

At 5 days, there are up to a
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dozen gonocytes in each of nearly 200 tubules.

About half of

these are in mitosis while the others appear to be resting (Nebel
et al., 1961).

In the rat, Tj-prospermatogonial cells, at day 4 or 5

p .p ., undergo mitotic cell division to produce T2 prospermatogonia.

On day 6 , these undergo further division to

yield Type A spermatogonia which will be the source of resting
and renewable cells and cells determined for gametogenesis
(Hilscher et al., 1974). On day 6 p.p. in the prepuberal mouse,
Beiive et al. (1977) recovered 1.4 x 105 primitive type A
spermatogonia.

These include both undifferentiated and

differentiating (A 1-A 4 ) spermatogonia (Sutcliffe and Burgoyne,
1989).

W'niie this is the same number of cells as found in

prenatal rats, the 50% degeneration of cells during both prenatal
and prepuberal stages (Beaumont and Mandl, 1963, RoosenRunge and Leik, 1968; Clermont and Perey, 1957) allow that the
2 divisions after birth producing type A spermatogonia from T 2 prospermatogonia have occurred.

On day 8 Bellve et al. (1977)

recovered 1.6 x 105 Type A spermatogonia and 1.5 x 105 type B
spermatogonia.

The beginning of meiosis is apparent for the first

time in the male mouse at 8 to 10 days p.p. (Nebel et al., 1961).
Primary spermatocytes at prelepotene and lepotene stages can be
seen at day 10 p.p. (Bellve et al., 1977)

A quantitative study of

the cells of the seminiferous tubules in immature rats led
Clermont and Perey (1957) to conclude that the beginning of
spermatogenesis coincides with initiation of the regular cycie of
the seminiferous tubules.

Description plus quantitation of gonial
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cell types in the mouse reveal that they behave in essentially the
same manner as their counterparts in the rat (Huckins and
Oakberg, 1978).
Meistrich and van Beek (1992) discuss and review general
concepts of stem cell systems, descriptions of spermatogonial cell
types and models for spermatogonial stem cell renewal in both
rodents and primates.

The As model they proposed for rodents is

summarized here, with one alteration in the presentation, the
issue of symmetric vs. asymmetric divisions of stem cells.
Symmetric divisions of stem cells would result in two identical
daughter stem cells, while asymmetric divisions would produce
one identical daughter stem cell and one spermatogonial daughter
cell destined to enter into spermatogenesis.

Although cell counts

may not distinguish between the two forms of proliferation,
spermatogonial cell associations and mechanistic considerations
suggest that asymmetrical divisions have not been observed
(Dym and Fawcett, 1971).
The resulting presentation of the model is similar to that
by Burgoyne (1987) and echoes conclusions by earlier
investigators.

Type A (As) stem cells divide to produce a pair of

type A cells (Apr). The pair of Apr cells either separates into two
cells, to renew the As population, or remains paired (Apr). This
progeny As type may represent the self-renewing class of stem
cells as opposed to those A0 stem cells distinguished by Clermont
and Hermo (1975), which rarely divide.

The Apr ceiis divide to

produce aligned type A cells (Aaj). These Aai cells are
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determined for differentiation and divide, proceeding through 4
differentiating type A cell generations (A i-> A 2 ->A 3 ->A 4 ), as
described by Monesi (1962).

The A4 spermatogonia divide,

producing Intermediate spermatogonia, which in turn divide,
producing type B spermatogonia as noted by Oakberg (1956).
Type B spermatogonial divisions give rise to primary
spermatocytes, which undergo 1 meiotic division with DNA
replication.

There are then 9 differentiating divisions, with

replication, enumerated here.
After meiosis, spermatids begin the process of
spermiogenesis.

By the late spermatid stage, most cellular

metabolism has ceased.

There is no repair of DNA as evidenced

by no chronic vs acute effects and no unscheduled DNA synthesis
for that time, until fertilization (Muller, 1954b; Russdell et al.,
1958; Sega et al., 1976).

This may last about 12 to 15 days in the

m ouse.
Previous to the differentiating divisions, there is an
average of 1 As division for every cycle of the seminiferous
epithelium.

Oakberg and Huckins (1976), describing the cycle of

the seminiferous epithelium and spermatogenesis, give a duration
of 8.6 days for the cycle from Aj to B spermatogonia and at least
one of these cycles to form Aj from As spermatogonial stem cells.
The production of mature sperm from B spermatogonia requires
34.4 days.

This is based on rate of degeneration and recovery of

germ cells after irradiation, and agrees with labeling data with
both 3 H-thymidine and 14C-adenine (Clermont and Trott, 1969).
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Thus 43 days are required to produce mature spermatozoa from
A i spermatogonia and within 51 days the product of each stem
cell division will have become a mature sperm.

If the

seminiferous epithelium initiates its cycle for the 1st time on day
6 post partum , and if the average generation length is 9 months,

or about 274 days, (L.B. and W.L. Russell, personal
communication) in the mouse, then there will have been (274-643)/8.6 or about 26 renewing or As divisions in the reproducing
male.

Adding to this number the 25 embryonic and prenatal

divisions, the 2 postnatal prespermatogonial divisions and the 9
differentiating spermatogenic divisions, the number of male
germiine divisions in a mouse generation is 62 (Figure 8 ).

Again,

predictions by Lyon et al. (1979) are in close agreement with the
present work, with estimations of 40-80 germcell divisions,
depending on the age of the male.

4.4 H u m a n
Representations of the female and male human germlines
are presented in Figures 9 and 10, respectively.
Fertilization of human eggs normally occurs at 4 to 5 days
postovulation (Croxatto et al., 1972).

Embryonic stages have been

identified by ovulation age, insemination age, (in vitro)
fertilization age, length of embryo, and somite number.

For

accuracy in this report, age will be presented as originally
recorded and in appropriate chronological order.

Approximate
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relationships between these units are presented by O’Rahilly
(1973).
At the 1-cell stage, the sperm and the egg pronuclei each
proceed through DNA synthesis, becoming diploid upon entry into
the first mitotic division (C.S. Aaron, personal communication)
about 24 hours after fertilization, based upon the early stages in
the Rhesus monkey (Lewis and Hartman, 1941).

Lopata and

colleagues have described the ultrastructure of 2 - to 16-cell
human embryos fertilized in vitro from electron microscopic
analysis (Lopata et al., 1982; Lopata et al., 1983).

Early cleavage

divisions are often asynchronous and asymmetrical, although all
cleavage cells appear to be dividing the same number of times
and in an ordered sequence.

Multinucleate cells are sometimes

observed and are thought to degenerate.
common throughout early cleavage.

Degenerating cells are

The first cleavage division

occurs between 21 and 35 hours post insemination.
occurs at about 31-40 hours post insemination.

The second

The range of cell

doubling times is large (16.6-35.5 hours in vitro) with a mean of
23.3 hours for blastocysts that eventually hatch (Fishel et al.,
1985).

Compaction occurs at the 16-ceH stage after 4 cleavage

divisions, with 6 cells allocated to produce the inner cell mass
(ICM) and 10 giving rise to the trophoectoderm (Hardy et al.,
1989).

A fully expanded blastocyst is found 96-116 h after

insemination when it has between 107 and 186 cells (Croxatto et
al., 1972) with in vitro and in vivo values being about the same.
At this time cell divisions occur more rapidly and the number of
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blastomeres increase quickly.

A blastocyst about 4 days old,

containing 58 cells has been described (Carnegie no. 8794, Hertig
et al., 1954).
embryonic.

53 of these cells are trophoblastic while 5 are
Similarly, in a 107-cell blastocyst

(Carnegie no.

8663, Hertig et al., 1954; Hertig, 1968), about 4 1/2

days (108

hours) old, 99 were trophoblastic, 8 were ICM cells, 4 of which
were formative (embryonic) cells, while the remaining 4
comprised the primary endoderm.

More recently, cell counts

have been made of numerous preimplantation human embryos
(Hardy et al., 1989), giving a more accurate estimate of cell
number.

At day 5 the blastocysts contain 58.3 + 8.1 cells, with

37.9 + 6.0 trophoectoderm and 20.4 + 4 ICM cells.

Differentiation

of the trophoblast, inner cell mass and primitive endoderm has
been observed at 5 1/2 days post insemination (Mohr et al.,
1983).

The day 6 blastocysts contain 84.4 + 5.7 cells, 40.3 + 5 . 0

are trophoectoderm and 41.9 + 5.0 are ICM cells.
Profiles of Hypoxanthine guanine phosphoribosyl
transferase (HGPRT) activity coded by the X chromosome and
Adenine phosphoribosyl transferase (APRT) activity coded
autosomally indicate that X-inactivation occurs at about day 6
post insemination (Leese et al., 1991) similar to the mouse.
Electrophoretic patterns of Glucose- 6 -Phosphate Dehydrogenase
(G 6 PD), coded by the X chromosome, were investigated in germ
cells of human embryos from 12 to 21 weeks.

These indicated

that at 12 to 13 weeks femaie germ ceils are X-inactivated,
although by 14 weeks both X chromosomes are active again
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(Gartler et al., 1975), suggesting that the germ line is still not
separate from the soma at X-inactivation, about 6 days.

By day 7

125.5 + 19 cells make up the blastocyst, of which 80.6 + 15.2 are
trophoectoderm cells and 45.6 + 10.2 are ICM cells (Hardy et al.,
1989).

The ICM cells will have divided at least 3 more times

since compaction.
During these first 2 weeks implantation and formation of
the trophoblast and the bilaminar embryonic disk occurs.

The

human trophoblast has been described in detail by Hertig (1968).
The ICM begins to differentiate into primary endoderm and
epiblast.

Primary endoderm forms around the epiblast, which

arranges itself into a flat disk.

The proportion of cells from the

human ICM which give rise to the endoderm may be similar to
that in the mouse and the rhesus monkey, almost 1/ 2 . In 8 day
blastocysts of the Macaca (Rhesus) monkey, 12 out of 26 ICM
cells produce the primary endoderm, and at 9 days the
proportion of primary endodermal cells in the ICM is 24 of 56
(Davies and Hesseldahl, 1971).

A reasonable assumption is that

about 20 cells of the 7 day human blastocyst give rise to the
prim ary

endoderm .

Though several lines of evidence in the mouse confirm
that the epiblast gives rise to the germ line, comparable analyses
are not available for the human.

It is apparent that the earliest

sightings of human primordial germ cells (PGCs) are in the
endodermal tissue of the yolk sac and many authors agree that
the human germline is either derived from the endoderm, or are
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set aside before endoderm differentiation and develop within the
yolk sac.

It will make no difference, either way, in the estimation

of germ cell divisions, since both the epiblast and the primary
endoderm begin with about the same number of cells.
Since PGCs were first described in the yolk sac wall of the
human embryo by Fuss (1911 and 1912) there have been many
reports of them.

Using alkaline phosphatase activity and

glycogen staining, plus cell morphology for identification, they are
first seen in the yolk sac before their migration and colonization
of the gonadal ridge, and transformation into gonia (Witschi,
1948; Falin, 1969; McKay et al., 1953).

Occasionally complete

counts of PGCs in an embryo were attempted.

In all presomite

embryos, 0.3, 0.625 and 0.8 mm (Politzer, 1933) and the 13
somite embryo (Witschi, 1948) PGCs were only found in the
epithelium of the yolk sac near the outlet of the allantois.

In a

0.6 mm embryo, about 16 days old, Politzer counted 40 PGCs.
Increase in PGC number can be followed through the several
embryos of different stages which have been described.

More

than 109 PGCs were present in a 16 somite embryo (about 23-26
days).

The first phase of migration, described by Witschi,

involved movement from the yolk sac to the hind gut epithelium.
During this period some leave the gut epithelium and enter the
surrounding mesoderm.

There were 330 PGCs in a 4.5 mm

embryo (Hamlett, 1935) mostly arranged in groups ventral to the
midgut, single ceiis being scattered in the root of the dorsal
mesentery and in the area of the urogenital ridge.

Almost all of
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them were situated in the mesenchyme and a few scattered
among the endodermal cells.

At about the 25 somite stage (4-

5mm long) more gonocytes leave the gut and move along the
mesentery up to the area of the urogenital fold (Witschi's second
phase of migration).

There were 586 PGCs counted in a 26 or 27

somite embryo (26 to 30 days) (Witschi, 1948).
600 PGCs in a 4mm embryo.

found

A 32 somite embryo about 4 weeks

old had 1366 PGCs (Witschi, 1948).
451 PGCs were counted.

Politzer

In a 38 somite embryo only

This is reportedly due to the thick

sections of the embryo making identification of PGCs very
difficult.
1948).

No doubt there are many more PGCs there (Witschi,
Migration is complete by the end of the second month and

the main mass of gonocytes are concentrated in the genital ridge
(Falin, 1969).

Mitotic PGCs in the migration stage show that they

proliferate even during migration (Fujimoto et al., 1977).
Lacking direct knowledge of the proportion of the
endoderm (or epiblast) involved in production of the germline,
we begin with a cautious estimate of 20% of the 7-day, 20-cell
"pre-endoderm", or 4 cells.

Nine more divisions are necessary to

produce the 1366 and more germ cells found in Witschi's
examination of the 32- and 38-somite embryos from 4 cells, with
an error of no more than 2 divisions.

To account for the

extensive cell death described in all stages of embryogenesis, 1
division is added to the 7 preimplantation and 9 migratory
divisions, so that, at about 4 weeks, the human embryonic germ
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cells, which have reached the gonadal region (Pinkerton, 1961),
will have divided 17 times.
From the 4th through the 6 th weeks (28-38 ovulation age
(OA)), the slight thickening of the coelomic epithelium in the
dorsomedian angle of the body wall, overlying the mesonephros,
evolves into a gonad.

PGCs can be seen under the epithelium

(van Wagenen and Simpson, 1965) early in this transformation.
By 42 days OA (crown-rump length 23mm), the testis is
differentiated and can be distinguished.

A few PGCs are

identified within the cords but no spermatogonia are found.
Migration into the anlage of the genital glands iscomplete by
about the 8 th week (Pinkerton,

1961).

Quantitative information is available for germ cells in
human females for embryonic and fetal stages (Baker, 1963;
Pinkerton, 1961) but not in males.

The differentiation of female

gonocytes begins much earlier and develops more rapidly than
that of male gonocytes (Falin, 1969).

Oocytes are entering

meiosis as early as the second month, so that all DNA replications
of the female germ line occur in utero. Male gonocyte divisions,
however, are most rapid during the feta! period, until maturation
and mitotic arrest by the 7th month.

At the end of the 2nd

month p .c . there are 600,000 germcells for both ovaries (Baker,
1963) and much fewer in testes (Falin, 1969).

At 74 days OA

(44mm) an increase in numbers of male germ cells in the testes is
reported (van Wagenen and Simpson, 1965).

Germ cells begin to

be positioned near basement membrane of the testes at 87-97
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days OA (90-120 mm).

At three months they still have not

differentiated into gonia (Fujimoto et al„ 1977).

The

transformation into prospermatogonia in the gonadal ridge occurs
in the second half of gestation, the fetal period, not earlier than
20 weeks and is completed sometime after 28 weeks (Pinkerton,
1961; Falin, 1969).

In the male, germ cells form rows near the

basement membrane and tubules begin to coil near the tunica
albuginea at 4-4.5 mo., menstrual age.

Differentiation is marked,

as in the mouse, by the loss of glycogen (Falin, 1969) and alkaline
phosphatase activity (Pinkerton, 1961).
are coiled throughout most of the length.

By 5 months the tubules
The increase in the

number of spermatogonia continues until the 7th month.

From 7

months to birth, changes are slight and spermatogonia do not
increase significantly in number (van Wagenen and Simpson,
1965), presumably maturing and entering mitotic arrest.

In the

seminal tubules of 7- to 8 -month fetuses an enormous quantity
of germ cells are still found at the stage of gonocytes and contain
in their cytoplasm a large amount of glycogen (Falin, 1969).
At this point the number of germcell divisions per
generation in females can be estimated.

There are 6,800,000

germ cells, a combination of oogonia and oocytes entering meiosis,
present in 5-month fetal females, having reached their maximum
number (Baker, 1963), up from 600,000, 87% of which are
oogonia, at 2 months.

Thirteen cell divisions are required to

reach a ceil population size of 6.8 X I0 6 from one of only 1366.
Considerable cell degeneration occurs after the 5th month,
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resulting in 2,300,000 cells at 7 months.

Only 4% are oogonia,

and another 50% are degenerating cells.

By 7 years of age only

about 300,000 oocytes persist.

The number of germcell divisions

with replication in the female is thus about 17 + 1 3 + 1 meiotic
division or 31 per generation (Figure 9) with all DNA replications
occurring in utero.

This can be compared to Vogel’s and

Rathenberg's estimate of only 21 (1975), which did not consider
the complexities of development and cell lineages.
Lacking quantitative information on fetal germ cells in the
male, another approach is taken.

The number of male germceii

divisions in human generations was previously estimated by
Vogel and Rathenberg (1975)

and by DeMars (1974).

The total

number of sperm produced per day was used along with the
model for stem cell renewal and spermatogenesis.

One hundred

million sperm per day (MacLeod, 1973) are produced by 8
divisions from 1/16 of the total stem cell population, which must
consist of about 6.2 million cells.

This population may be

produced from the embryonic 1366 primordial germ cells by 13
cell divisions.

Again, because of reports of degeneration in fetal

germ cells and undifferentiated germ ceils, 2 more divisions will
be added.

Adding the 17 earlier divisions gives 17+2+13=32

divisions before spermatogenesis begins.
Meistrich and van Beek (1992) have reviewed
spermatogonial stem cell renewal strategies for primates.

They

have presented a combination model for the primate, M a ca ca
a rc to id e s (Clermont and Antar, 1973) that can be paraphrased
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here for humans.

Since in monkeys Ap (pale) spermatogonia

proliferate but Ad (dark) spermatogonia don’t, Ap is now
considered the renewing and proliferating type A cell.

The Ap

stem cell divides, to produce either 2 Ap stem cells or 2 Apr
(paired) cells.
spemiatogonia.

These Apr cells divide to produce 4 aligned Aaj
Another division produces 8 aligned type A cells.

The next division produces 16 Bi spermatogonia and the next, 32
B 2 spermatogonia.

While M acaca spermatogenesis involves 4

type B spermatogonial generations, cell counts indicate that in
humans there are only two.

The daughter cells of B 2

spermatogonia are primary spermatocytes.

One more DNA

replication and two meiotic divisions complete this generation.
The number, in humans, of spermatogenic divisions are 7,
counting only the 1st meiotic division.
Each cycle of the seminiferous epithelium hasa duration
of 16 days in man, as shown by biopsy after injection of tritiated
thymidine into human testes (Heller and Clermont, 1963).

Pale

type A stem cells must then divide every 16 days or 22.8 times
per year, as envisioned by DeMars (1974), and the entire cycle
takes 4.6 cycles or 74 days (Heller and Clermont, 1964) with a
possible variance of 4 or 5 days.

With the length of a generation

set at 30 years and spermatogenesis beginning at age 14, this
gives (30-14)(22.8) which comes to 365 divisions.

Because

spermatogenesis requires 74 days, 5 divisions should be
subtracted from this.

With 32 divisions before spermatogenesis
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and 7 spermatogenic divisions, the total is 32+360+7=399
divisions per generation (Figure 10).
As was mentioned before, the number of germcell
divisions in human generations was previously estimated by
Vogel and Rathenberg (1975).

Assuming perfect survival in

clonally dividing cell populations producing 6 x 108 Ad stem cells,
which are no longer considered spermatogonial stem cells, per
testis by 30 divisions, this estimate is 380 at the age of 28 and
540 at the age of 35, with spermatogenesis beginning at age 13.
With a generation time of 30 years, there would have been 427
divisions.
The number of germcell divisions in human generations
was also estimated by DeMars (1974) for the purpose of
extrapolating mutation rates per generation to cultured fibroblast
cells.

Beginning with the number of sperm produced per day, 108

or 227 (MacLeod, 1973), he also assumed clonally dividing cell
populations.

Working backwards, he counted the necessary

number of divisions.

Mature sperm (2 27 /day) having gone

through 6 divisions, must be the products of about 221 stem cells.
With a 16 day cycle of the seminiferous epithelium in man, he
imagines 16 populations of stem cells, or 225 stem cells (produced
from 1 cell by 25 divisions).
sperm production.

29 divisions

ncccsSafy to begin

Adding 22.7 each year after age 14, his

estimate is 460, using 33 as average age of a male parent.

With a

30 year generation length, this number would be 392.
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These estimations were based upon assumptions of clonal,
dichotomous divisions with perfect survival, beginning with one
original germ cell.

This approach is not correct in an organism

with the complexities of cell lineage differentiation and cell
degeneration as in metazoans, in general, and of humans, in
particular.

Changes in the model for human spermatogenesis and

time allowance for spermatogenesis are also introduced for
making the present estimate more accurate.

However, the actual

numerical estimates are altered only slightly by the present
work.

The single factor having the greatest impact upon the

number of germcell divisions per generation in humans is
undeniably the age of the father at reproduction.

4.5 Germcell Divisions per Generation
Germcell divisions per generation are those divisions
occurring between the zygotic product of fertilization and the
gametic product of meiosis.

In higher animals the line of germ

cells is segregated from the line of somatic cells early in the life
of the organism.

Here that line has been followed beginning with

fertilization and proceeding through gametogenesis to meiosis.
Estimates of the number of cell divisions per generation (Table 3)
represent the average number of times DNA replicates between
one generation and the next.

Variation between species

underscores the need for caution when extrapolating results from
one species to another.
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The female germline of Drosophila melanogaster (Figure 5)
is very similar to that of the male (Figure 6 ).

Though numbers of

stem cells and the timing of the onset of gametogenesis differ
markedly, stemcell renewal is an important component and the
resulting number of stem cell divisions is virtually the same in
the present calculations, though both are dependent upon age.
After the gonial stem cell division in both sexes, four cystocyte
divisions with incomplete cytokinesis take place (King, 1970).

In

the male all cystocytes undergo two meiotic divisions and form
bundles of 64 spermatids per stem cell division.

In females only

one of the 16 cystocytes completes meiosis, forming one egg per
stem cell division.
The mammalian female germline (Figures 7 and 9) is
characterized by small numbers of germcell divisions, all of which
occur in utero.

During this stage of life, peculiar to mammals, an

entire generation of germcell DNA replications take place and the
genome of the next generation is already synthesized before
birth, in the protective environment of the grandmatemal uterus.
The male germlines of all these species (Figures 6 , 8 and
10) can be seen as going through 3 stages in one organismal
generation: the zygote to gonial stage, prespermatogenic stage,
and the spermatogenic stage (Hilscher et al., 1974).

Between the

prespermatogenic and spermatogenic stages there is a regularly
recurring stem cell cycle initiating spermatogenesis and replacing
cells that are irrevocably lost by undergoing the processes
leading to mature sperm (Hannah-Alava, 1965).
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Descriptions of the male germlines of these three species
and of the cell divisions in each allow the development of a
general formula for estimating male germcell divisions per
generation that should be applicable to any species of higher
animal, barring unforeseen differences.

The first, and in many

groups, most important decision is choosing the age at which
reproduction occurs.

Then the number of divisions, Da< that have

occurred in the germline at age a can be calculated.

D*j=D0 + (Ds/t)(fl-0-tyg) + Djg

(6)

where D0 is the number of divisions before the beginning of
spermatogenesis (age o), Ds/t is the number of stem cell divisions
per unit time,

is the number of spermatogenic divisions.

The

time required for spermatogenesis, tSg, has been determined by
labeling experiments with tritiated deoxythymidine in all three
species.

Figures 11, 12 and 13 illustrate estimates of germcell

divisions for a range of generation times for males in each of the
three species.
The differences in relative importance of each component
in equation 6 are clear.

For humans a is the single most

important component, dwarfing all others, by an order of
magnitude or more.

In mouse only 42% of the divisions are due

to stem cell divisions at 9 months, and in the D rosophila germline
47% at 18 days.

The relative effect of age is diminished in

D rosophila by the long duration of spermatogenesis, tyg, more
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than half the age of an 18 day-old male, compared to 16% the age
of a mouse and 0.7% the age of a human male, and 24 times
longer than the stem cell cycle, compared to about 4 or 5 times
for mammals.

The length of the stem cell cycle, D5/t, on the other

hand, is 2.3% the generation time of a Drosophila male, 3.1% for
mice, and only 0.1% for man, emphasizing again the important
role of paternal age in humans.
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CHA PTER 5

MUTATION RATES PER GERM CELL DIVISION

5.1 Calculation of Mutation Rates Per Germcell Division
The number of germline cell divisions occurring per
generation has been estimated from the literature on early
development, gonad formation and gametogenesis for the species
of interest.

The results are seen in Figures 5 through 10 and

summarized in Table 3.

Estimated numbers of germcell divisions

per generation for D rosophila average 36.5 in females and 35.5 in
males.

For mouse, they are 25 in females and 62 in 9 month old

males, and for humans, 31 in females and 399 in 30 year old
males.

For humans, mutation rates are presented as an equally

weighted average of male and female rates (Table 1), or
partitioned between males and females (Table 2) by assuming
that male mutation rates are about ten times higher than female
rates.

Mutation rates per germcell division can be compared

among species using male germcell estimates only or between the
sexes of each species.

5.2 Comparisons of Male Mutation Rates Per Ceil Division
Male mutation rates per germcell division (counting all
members of clusters) vary by a factor of about 24 (Table 1) or
about 10 (Tabie 2): 9.0 x I O'9 in man (2.3 x 10-8 if partitioned),
1.4 x 10-7 jn mice, and 2.2 x 10‘7 in Drosophila (Figures 14 and
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15).

This indicates that the actual number of germcell divisions

between generations may have more effect on the mutation rates
observed than the amount of time spent in any given stage.

It is

interesting to note that, in mouse and D rosophila males, mutation
rates differ by a factor of 1.6 (Table 1), which is not significant,
although germcell divisions occur, on a generational average, 9
times faster in D rosophila than in mouse (Table 3).

This implies

that even the speed and fidelity of DNA replication is speciesspecific.

Germcell divisions are 54 times faster in D rosophila and

6 times faster in mice than in humans.

The mutation rate per cell

division in humans is significantly lower than in the others; it is
16 times (6 if partitioned) lower than in the mouse and 24 times
(10 if partitioned) lower than in D rosophila.

If there is an effect

of time on mutation rates it is one of inverse proportion and is in
concert with cell division.

If germcell divisions in the human

lineage have slowed down, the fidelity of replication and net
efficiency of DNA repair may have consequently increased due to
the amount of time available, rather than any inherent enzymatic
change.

The speed at which replication and cell division occur,

along with a particular combination of protection, efficiency and
fidelity of the repair of DNA may account for the excellent
agreement between these species of mutation frequencies per
g en eration.
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5.3 Comparisons of Mutation Rates Per Cell Division Between the
Sexes
Support for replication- or cell division-dependent
mutation rate is available by comparing mutation data between
sexes (Table 2).

This support is stronger than that from

interspecies comparisons because these comparisons eliminate, to
a large extent, the variation due to interlocus variability, which
can not be said for the comparisons between species.

For

comparison between sexes, the rate of mutation per germcell
division from the SLRL test in female Drosophila is 5.5 x 10'8 and
in males is 4.5 x 10-8, differing by a factor of 1.2, which is not
significant.

Recall that the mutation rates per generation were

also not significantly different.

The situation is different in mice.

Mutation rates that were significantly different per generation,
8.9 x 10'6 for males vs. 3.2 x 10'6 for females, are, when
measured per cell division practically identical.

For females the

mutation rate per ceil division is 1.3 x IO'7 compared to 1.4 xlO-7
in the male.

This provides support for the hypothesis that

differences in mutation rates can be explained, in large part by
different numbers of germcell divisions between the sexes.
Using the values partitioned between the sexes presented
in Table 2, for computations and comparisons of mutation rates
per cell division, a clearer pattern of relationships among these
species is apparent (Table 2).

The relationships between female

mutation rates and those in males, and among female mutation
rates in these species, reflects closely the relationships of all to
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the ratio of germcell divisions in males and females (Figure 15).
This correction, in the use of the human data, illustrates more
strongly the species-specificity of mutation rates based on cell
division.
Comparisons between the sexes for humans in Table 2
represent an assumption of ten-fold higher mutation rates in
males than in females.

There are no direct observations of

mutations in the X-linked recessive data distinguishing parental
origin.

There are, however other data with which to address this

issue.

5.4 The Case of the Human Retinoblastoma Gene
Dryja et al. (1989) have determined the parental origin of
the retained allele in eight informative patients with new
germline mutations at the retinoblastoma locus, chromosome 13,
causing retinoblastoma tumors.
paternally derived.

All eight were found to be

When combined with earlier data (Ejima et

al., 1988), there were 16:1 paternal to maternal germline
mutations at this locus.

This agrees well with Vogel and

Rathenberg's prediction (1975) based on germcell division
estimates, 380:23 (28 year old male:female, 16.5:1).

These data

have again been added to by Zhu et al. (1989) who have
determined the parental origin of the retained allele in 6 bilateral
retinoblastoma tumors produced by new germline mutation.
of these occurred in the patemai germline.

Five

In this larger data

set, twenty-one out of twenty-three bilateral retinoblastoma
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tumors retained the paternal chromosome, showing that germline
Retinoblastoma mutations arise more frequently, by 10.5:1, in the
male germline than in the female germline (Zhu et al. 1989, Dryja
et al. 1989, Ejima et al. 1988), or as presented by Zhu et al., 13:1
(1989).

The present estimates of germcell divisions in human

males and females predict a ratio of 399:31 or 12.9:1.

This

prediction better fits the increasing data base for retinoblastoma
m u tatio n s.
An excellent presentation of the genetics of
retinoblastom a and molecular analysis of mutations is presented
in McKusick's catalogue (catalogue #180200, McKusick, 1990).

In

one study each of 4 germline mutations analyzed involved a
small deletion or duplication (Dunn et al., 1989).

Another

analysis of germline retinoblastoma mutations showed 3 C to T
transitions, 2 of which were at CpG pairs

(Yandell et al., 1989)

and were interpreted to be the results of processes occurring
during male gametogenesis.

It is apparent that there are more

than one mutational mechanism represented by these 7
m u tatio n s.
The finding of higher frequency of paternally-derived,
rather than maternally-derived mutation at the retinoblastom a
gene, consistent with the relative numbers of cell divisions in
male and female germlines, clearly supports replicationdependent mutation in humans.

Differences in mutation rates for

hemophilia A, the subject of Haldane’s original inspiration for this
concept, have been estimated by Winter et al. (1983).

The male
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to female mutation ratio is estimated at 9.6 with 95% confidence
limits of 2.2 to 41.5.

Similar values are found for Lesch-Nyan

m utations (Francke et al., 1981), but no apparent relationship to
cell division was found in the case of Duchenne muscular
dystrophy (Davie and Emery, 1979).

Empirical characterizations

of this sort for other loci would be helpful in determining the
generality of this phenomena.

5.5 Effect of Cell Division on Mutation
Cell division, i.e., DNA replication, is an important factor in
determining the rate at which mutations occur.

Homogeneity

among male mutation rates per cell division in mouse and
D rosoph ila are evidence of this point (Table 1 and Figure 14).
The significant differences between these species and humans
may be due to the slowing down of cell divisions in the human
lineage.

Data from nonhuman primates on mutation rates and

cell divisions would be helpful in testing this hypothesis.

Further

evidence that cell division accounts for much of the mutation
observed comes from comparisons of mutation rates, with
identical genetic endpoints, between the sexes of one species.
Results in D rosophila were not informative in light of the
homogeneity of mutation rates per generation between male and
female and nearly identical numbers of cell divisions per
generation.

The mouse data strongly support cell division-

dependent mutation since mutation rates per generation are
significantly different while mutation rates per cell division are
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in excellent agreement.

The ratio of occurrence of Retinoblastoma

mutations between human paternal and maternal germlines
further supports this model, in light of the results of the
interspecies comparisons which emphasize that the rate of
mutation per cell division is species-specific.
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CHAPTER 6

DISCUSSION

There are many variables which affect mutation
frequency.

Some are associated with time, including enzyme-

mediated repair processes in which time, by definition, is a factor
in enzyme kinetics.

Biological variables, not dependent on

absolute time, include conditions and numbers of cell divisions
during the various developmental stages, and the schedule of
germline events which are species-specific, as described in the
present work.

6.1 The Independence of Time and Mutation Rate
Our results indicate that mutation rates are not timedependent and that they may be better compared across taxa
using biological units such as generation or cell division with cell
division being consistent when comparing between sexes within
one species, and generation time being more consistent in
comparisons among all three species.

It appears that the

enzymes involved in repair and control of replication fidelity
operate at activities (rates) within the germcells to deliver
mutation rates between about 10‘5 and 10'6 per generation,
perhaps as a result of selection.

Studies in enzyme kinetics of

DNA polymerases and repair enzymes for numerous taxa,
including human cells, rodent cells, and D rosophila cells may
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show that even fidelity of replication (within these time scales) is
not tim e-dependent but may be taxon-specific.
It is expected that if mutations are primarily the result of
replicational infidelity, mutation rates per year should be related
positively to the number of cell divisions per year which may in
turn relate negatively with generation time (Filipski, 1988).
Tables 1 and 3 confirm this relationship for these species.
Filipski's suggestion that mutations which result from mistakes
during DNA repair are expected to be influenced more by the
specific locus and its activity is supported by many lines of
evidence.

The repair of DNA lesions in mammalian cells has been

found to be affected by the level of activity of the gene
(Hanawalt, 1990).

However, most genes aren’t transcribed in

germcells and this effect is not likely to influence heritable
mutation at most loci.

The basis for the prediction that the

accumulation of mutations from DNA repair mistakes should be
related more closely with absolute time than with generation
time or germcell divisions is derived from the assumption that
DNA lesions accumulate with time and attempted repair has a
constant rate of error.

While the kinetics of an enzyme system

are defined by time, the biological reality is that, in these species,
the availability of repair systems and the biochemical
environment of the genetic material are characteristic of
particular germcell stages, the durations of which are speciesspecific.

Such things as the differences in the relative proportion

of generation time that germcells spend postmeiotically as eggs
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and sperm are especially important because DNA repair is absent
in the sperm of both mice and Drosophila (Russell et al., 1958;
Muller, 1954b).

The present data do not support time-dependent

accumulation of germline mutations.
Since sequence divergence is often considered over absolute
time, it was interesting to present these rates in the context of
time.

Doing so reveals that there is rather large variation

between these species with large differences in generation length,
not comparable to the loci and test differences.

These are null

mutation rates, and the relationship between these and neutral
mutation rates is not clear.

It is not expected that selection

played a large role in determination of these results due to the
design

of the mutation detection tests. There is no indication for

constancy of mutation rates dependent on time.

6.2 Comparisons of Mutation Rates in Male and Female
Drosophila
W oodruff et al. (1983) proposed that paternal age does
not have a very strong effect on mutation rate in D ro so p h ila ,
based on

exDerimental evidence.

to support and explain his thesis.

The present
estimates
r

mayj helpr

For an 18-day-old male fly,

about half of the germcell divisions are age-dependent.

That

number of divisions may increase or decrease by 2.4 divisions
per day as age is altered.

There is a range of only about 17 less

or 53 more divisions; although that range is usually considerably
reduced in both laboratory and natural populations.

If the lower
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limit for cell divisions is 19 and the upper limit is 89, then the
maximum effect paternal age has on numbers of divisions is a
factor of 4.7, and under normal laboratory or natural conditions,
usually no more than a factor of 2.

A significant difference

between the sexes of D roso phila, as a result of cell divisions,
would be expected only if members of one sex reproduce at a
very old age while members of the other sex reproduce at a very
young age.

This extreme case is unlikely to occur consistently in

Since stem cell divisions occur in both sexes of D rosophila

nature.

and there is virtually no difference in number of cell divisions,
there should be no major differences between the sexes in
mutation rates based on numbers of cell divisions.

6.3 Sex Differences in Mutation Rates and Male-Driven Molecular
Evolution
The model for male-driven molecular evolution (Miyata et
al., 1987a and b; Miyata et al., 1990) predicts that the
contribution of female germline mutations to the mutation rate is
negligibly small, so that the male serves as the major generator of
mutations that contribute to molecular evolution.

An assumption

of the model is that the ratio of male germcell divisions to female
germcell divisions,

c l,

is very much greater than 1.

The test

includes a comparison of divergence at X-linked and autosomal
loci, based on synonymous substitutions, between rodents and
humans.

For a very large a the relative (X-iinked to autosomal)

ratio of sequence divergence should theoretically be
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R x/ a = (2/3)(2+ a)/(l+ a)
and if a » l ,

R x /a = 2 /3 .

(8 )

That value has been calculated to be 0.58

overall and 0.69 for conserved loci.

The difference between X-

linked and autosomal loci and the agreement with the null
hypothesis are highly significant.

The present work offers

estimates for the value of a for both humans and for mice, 12.9
and 2.5, respectively, given present estimates of generation
length.

For generation lengths more applicable to evolutionary

studies, say 20 years, the a value for humans will be much
smaller, about 5.7.

The predictions of Miyata’s model based upon

the present a estimates are 0.72, 0.77, and 0.85 for humans at 30
years, at 20 years, and mice, respectively, and for divergence
between the two species an intermediate value between 0.77 and
0.85 is expected.

The observed values are rather smaller than

these predictions. This indicates that male-driven molecular
evolution is indeed in operation, although differences in cell
divisions alone may not be sufficient to explain the differences in
mutation rates between the sexes in humans.

The possible effect

on relative divergence of X-chromosome inactivation and of DNA
methylation patterns in germline development in the two sexes
have not been ruled out.
The same model also predicts that the ratio of
synonymous divergence in a locus on the Y chromosome to that in
an autosomal locus is
RY/a = 2 a /( i+ a )

(9)
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and if a » l , Ry/a= 2. Results are 1.7 for silent positions and 2.6
for the 3’ noncoding region of arginosuccinate synthesis
pseudogenes AS-7 and AS-Y, mapped to chromosome 7 and the Y
chromosome, respectively, in humans.

The present estimates of a

yield the predictions of 1.85 with a 30-year generation and 1.7
with a 20-year generation for Ry/a-

The excellent agreement of

this prediction with the value for silent positions attests to the
validity of this approach.

That the value for the 3' noncoding

regions is considerably higher than the prediction underscores
the existence of as yet unidentified factors, causing male
mutation rates to be even higher than those predicted based on
ceil division alone.

This is aiso apparent in Crow's recent finding

that the male mutation rate in humans increases with age at a
faster rate than the number of cell divisions, as if repair
mechanisms are less efficient at older ages (Crow, 1992) or
perhaps the methylation levels in sperm DNA are increased in
older men.

The importance of these hypothesized molecular

effects of paternal age to mutation rates in humans could only
have arisen since men began to live longer and reproduce at later
ages.

Speculation suggests that, with the increase in generation

length and germcell divisions per generation, the (human male)
mutation rate per generation has increased, i.e., an increase in
generation time of 33% from 20 to 30 years results in a 57%
increase in number of cell divisions per generation.
The great differences in numbers of cell divisions and in
mutation rates for males and females in humans are not seen in
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D ro so p h ila and mouse, and probably reflect a relatively recent
change in length of life.

This represents the strongest evidence

for cell division having an important effect on the spontaneous
mutation frequency.

This consistency per cell division cannot,

however, be applied across species for extrapolation to humans,
since the apparent evolutionary modifications that have finetuned the mutation rates per germcell division in D ro so p h ila and
in mouse, have not taken place in the modern human germline.
With the rate of mutation per generation, germcell divisions per
generation, and generation length of humans in such a state of
flux, presumably since the foundation of the hominid lineage, it is
no surprise that the rates of molecular evolution of genetic
sequences in this lineage and estimates for divergence times
based on molecular data are the subjects of such controversy (Li,
et al., 1987; Easteal, 1992; Hasegawa, et al., 1987; Easteal, 1991;
Wilson, et al., 1987; Bailey, et al., 1991; Wayne, et al., 1991;
Sakoyama, et al., 1987; Seino, et al., 1992; Kawamura, 1991).

6.4 Protection of the Female Mammalian Genome in Utero
The differences in mutation rates between the sexes in
mammals may be determined not only by the numbers of cell
divisions and DNA replications, but also by the environment in
which those cell divisions occur.

Whereas the majority of cell

divisions in the male germline occur during adult life, all cell
divisions accompanied by DNA replication in the female germline
occur within the protective environment of the maternal uterus.
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Conservation of cell divisions in the female germline and
protection of the embryonic genome in utero during production of
prospermatogonia and oogonia may have profound implications
for mammalian molecular evolution and will be very important,
specifically, to the protection of the human genome for the future.
Crow has suggested (1992) that reduction in paternal age would
be a major improvement in the genetic well-being of future
generations by reducing the male-generated spontaneous
mutation rate.

Our results are in complete agreement.

In

addition, the importance to future generations of protection of the
embryonic human genome from potential mutagenic activity,
particularly in the first two trimesters of development, shouid
not be overlooked.

6.5 The Molecular Spectra of Human Mutation and Cvtosine
Methvlation in the Germline
Data which are becoming available on the molecular
spectrum of spontaneous germinal human genetic disease have
been the subject of much discussion (Cooper and Krawczak, 1990;
Mohrenweiser and Jones, 1990; Sankaranarayanan, 1991).
Particular loci are found to have tendencies to certain spectra of
DNA alterations (Mohrenweiser and Jones, 1990).

Slightly less

than one half of the genes, at which spontaneous mutational
events (leading to Mendelian disease) have been studied, are the
results of single base substitution, insertion or deletion,

in the

other half, mutations are caused by deletions or other gross
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changes (Sankaranarayanan, 1991).

Of course the relationship

between the molecular spectra of observable (selectable)
mutations and the actual spectra of occurrences of molecular
change at a given locus is not known.
The spectra of single base changes has been further
described by Cooper and Youssoufian (1988).

Of those de novo

mutations caused by single base substitution, 35% involved CpG
dinucleotides, 90% of which were C to T or G to A transitions, 42fold higher than expected by random mutation.

This supports the

model for a mutational mechanism, originally described in E. coli
(Coulondre et al., 1978) involving 5-methyl cytosine deamination
(Mohrenweiser and Jones, 1990), and the argument that
methylation of cytosine at CpG dinucleotides is a major
contributor to spontaneous mutation in humans (Jones et al.,
1992), restriction fragment length polymorphisms (Barker et al.,
1984) and vertebrate DNA sequence evolution (Savatier et al.,
1985; Cooper et al., 1987).
The finding that the mouse germline is set aside prior to
extensive methylation of the genome, beginning in the 6 1/2 day
p.c. embryo (Monk et al. 1987), adds potential complications to
this issue. The low amount of methylation may allow the
germcells to retain their totipotency (Monk et al., 1987), but in
addition, should have the affect of keeping cytosine-methylationmediated mutations low (lower than somatic mutations) in the
blastocyst and germcells.

Germline cytosine methylation occurs

in low levels only in sperm cells, decreases in the 8-cell embryo,
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and is virtually absent in the 4-day blastocyst and all other
germcell stages (Monk et al., 1987), which suggests that mutation
due to this mechanism must occur predominantly during early
cleavage in the paternal genome.

If methylation patterns are

sim ilar in humans, and if cytosine methylation-mediated
mutation is indeed such a major mutational mechanism, then a
large proportion of heritable single base substitutions, perhaps
25-35%, must occur in the paternal contribution to the embryonic
germline during early cleavage in the form of mosaics.

An

alternative or additional explanation for the high rate of
transitions at CpG dinucleotides is that the N7 position of guanine
is the most nucieopiiiiic site in DNA, and, therefore, highly
susceptible to alkylation.

The heterogeneity between loci with

respect to the mutational spectra and to susceptibility to
replication-dependent mutation, is reminiscent of the conflicting
results on rates of sequence divergence in primates for different
lineages.

6.6 The Generation Effect on Mutation Rates and Unique
Germline Events
The rationale for cell division-dependent mutation due to
mistakes in DNA replication is straightforward.

Likewise, by

thinking of mutation as a stochastic process, the dependency
upon time has often been readily accepted even in the absence of
empirical data.

The constancy of mutation rates per iocus per
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generation in diverse species is a more difficult notion.

What

mechanisms would produce such a situation?
The effects of selection upon mutation rates have been
discussed by Sturtevant (1937) and by Kimura (1967).

Selection

upon mutation rates is complicated because, by recombination,
the deleterious effects of high mutation rates, mutant genotypes,
are soon separated from the genetic determinants of the mutation
rate modifiers.

The operation of selection upon germline

mutation rates must be predominantly per generation.

If there

are particular factors, i.e., certain enzyme systems, particular
germcell stages, the germline of one sex, that contribute
disproportionately to mutation rate, it is these upon which
selection will act most strongly.

It appears that selection does not

restrict null mutation rates per generation in Metazoan germlines
below the order of 10'6 in the average loci.
The examination of germlines, presented herein, reveal
the existence of events occurring only once per generation which
may greatly influence mutation rates.

The interval between the

last DNA replication before meiosis and the end of cleavage and
germline determination appears to account for a large portion of
the total mutation rate.

This interval in which the genetic

information of two individuals of one generation becomes that of
the next is characterized by several peculiar genetic events.
The first event is meiosis, beginning with the last DNA
replication of one generation and resulting in a haploid gamete.
In mammalian females meiosis begins in utero, external
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environmental effects on the replication of DNA for that entire
generation being minimal.

After a period of dormancy which

lasts for decades in humans, meiosis is completed.

In male

mammals, meiosis is followed by a period of maturation and
sperm formation characterized by reduced cellular metabolism
and no DNA repair activity, as seen in studies with repair
deficient mutations in Drosophila (Boyd, et al., 1987; Smith and
Dusenbery, 1989, Vogel, el al., 1985) and from dose fraction
studies in the mouse (Russell, 1958).

This is especially important

because of the differences in the relative proportion of generation
time that germcells spend postmeiotically as sperm.

In both

sexes of D rosophila meiosis occurs throughout various stages of
the individual’s lifetime.
The second peculiar event is fertilization.

Upon sperm

entry into the egg the nuclei of both gametes form pronuclei
which remain separate until the first mitotic cleavage division.
This type of fertilization, termed gonomery (Schalet, 1956),
involves DNA replication within the 2 haploid pronuclei, the only
haploid DNA replication in the diploid Metazoan life cycle.

Since

relatively long periods of time elapse with no DNA repair activity,
accumulation of DNA damage is expected in sperm.

DNA repair

mechanisms that utilize sequences on homologous chromosomes
as templates cannot operate during the haploid stage.

Thus the

mutation frequency of mutation from meiosis to cleavage may be
much greater than during any other single ceii period.

The speed

with which the ensuing cleavage divisions occur which lead up to
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germline determination may also contribute significantly to the
rate of germline mutation.
That there is a significantly higher mutation frequency
during this stage, and those quickly following, in D rosophila, is
confirmed by the occurrence of fractional or mosaic mutations in
frequencies of 70-80% of the total spontaneous mutation
frequency (Schalet, 1960; Schalet, 1986).

In Drosophila the

interval between meiosis and the end of cleavage, is easily the
most costly in terms of heritable mutation, making the effect of
cell divisions per generation of secondary importance.
In the mouse the large number of stem cells, in excess of
100,000, make the detection of mutations of common origin
highly improbable, except for the observation that
spermatogenesis occurs in waves, reducing the number of stem
cells represented in sperm produced at a given time (see Chapter
3).

That 2 clusters, one of 2 and one of 6 were observed in 52

independent events and i duster of 6 in 7 independent events in
males and females, respectively (see Chapter 2), indicates that a
large component of the mutations in the mouse are fixed during
early cleavage.
The finding in humans that 30% of single base pair
substitutions are transitions from GpC to ApT base pairs, supports
the hypothesis that mutation rates occur or are fixed during
fertilization and cleavage at a rate disproportional to that in other
germ cell stages.

If we assume that the patterns of methylation in

the germline are similar in man as in mice, then only in the
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sperm cell are there low levels of cytosine methylation, which is
already decreasing in the 8-cell embryo.

Without DNA repair in

sperm before DNA replication in the zygote, mutations due to
cytosine deamination in sperm DNA would be fixed during the
early cleavage divisions.
If selection acts upon mutation rates produced during a
generation then any factor which modifies the per generation
mutation rate is subject to this selection.

Modifiers at the

biochemical ievei include loci which effect the fidelity of each
replication and the efficiency and availability of DNA repair
systems.

Biological modifiers are also subject to such selection,

especially if their effects upon the net mutation rate per
generation are significant.

Examples discussed in the present

work include the total numbers of cell divisions per generation in
the germlines of both males and females, the germcell stage
schedules of such DNA modifications as cytosine methylation at
GpC pairs, and the length of time during male gametogenesis
without DNA repair systems, and the overall significance of the
haploid stage between the completion of meiosis and the first
mitotic cleavage division of the zygote.
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CHAPTER 7

SUM M ARY

Spontaneous mutation rates per generation are more
constant among the three species studied, and not related to time
as often assumed.

Spontaneous germline mutation rates per

generation averaged among loci are less variable among species
than they are among loci and between sexes.

Mutation rates are

highly variable over time among diverse lineages.
Numbers of germcell divisions per generation have been
estimated for male and female germlines of D ro so p h ila
m ela n o g a ster, mouse and humans.

The estimates are, for males

and females, respectively, 399 and 31 in humans, 62 and 25 in
mice, and 35.5 and 36.5 in D rosophila.

The relationships between

germcell division estimates of the two sexes in the three species
closely reflects those between mutation rates in the sexes,
although mutation rates per cell division are species-specific.
While the overall rate per generation is constant among
species, this consistency is achieved by diverse mechanisms.
Modifiers of mutation rates, upon which selection might act,
include germline characteristics which contribute
disproportionately to the total mutation rates.

The germline

mutation rates, between the sexes within a species, are largely
influenced by germceii divisions per generation.

Also, a large

portion of the total mutations occur during the interval between
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meiosis and germline determination.

Significant genetic events,

contributing to mutations during this time may include meiosis,
lack of DNA repair in sperm cells, exclusive methylation of CpG
dinucleotides in mammalian sperm and early embryo, gonomeric
fertilization and rapid cleavage divisions.

Selection for an

optimum mutation rate must operate most effectively upon these
mutation modifiers, which occur only once per generation.

It is

proposed that this may account for the constancy of mutation
rates per generation in diverse species.
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